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A B ST R A C T

A comprehensive research program is underway at LSU with the ultimate goal of
improved understanding and predictive capability for the performance of rotary kiln
incinerators.
In an extensive experimental study, packs containing toluene-contaminated clay
sorbent are batch-fed into the field-scale rotary kiln incinerator of the Louisiana Division
of Dow Chemical USA. Water cooled probes are used to obtain continuously gas
temperatures and species concentrations within the kiln and afterburner, and existing
facility instruments are also monitored. The kiln rotation rate is varied and turbulence air
(air injected into the kiln to improve mixing) is added or turned off. Conditions at the kiln
exit are found to be highly stratified. Species data from the afterburner and stack are used
to determine the toluene evolution rate, which appears to be strongly influenced by bed
motion regime but not kiln rotation rate or turbulence air. Mass balances are performed
on the toluene, with good results.
A numerical model of the Dow rotary kiln incinerator is formulated to predict the
species, temperature, and flow field during baseline operation with no waste combustion.
This simplified model shows the general features and trends at locations where
experimental measurements are not feasible. The model is used in a parametric study to
determine the influence of turbulence air addition and the importance o f buoyancy. The
model is developed using the commercially available finite difference software, FLUENT,
and solved on a 486 PC computer. The numerical results agree surprisingly well with the
experimental data, offering a clearer picture of the buoyant flow field in the kiln.

A pilot-scale rotary kiln simulator at The University of Utah is used to make
experimental measurements o f the thermal response of solids charged onto a preexisting
bed o f hot solids. Time constants for solids mixing are extracted from the measurements,
and a simple model is developed that correlates the mixing time constant to bed turnover
rate. The use o f this correlation is then demonstrated in predicting the thermal history of a
fresh charge of solids as it mixes with hot solids in a rotary kiln.

xv

CH APTER 1

IN TR O D U C T IO N AND BA C K G R O U N D

DEFINITIO N AND TH E FOUR LAW S OF H AZARDO US W ASTE
There are currently two commonly used definitions for hazardous waste. The first
definition is broad and can be broken down into two parts. Hazardous refers to anything
toxic or dangerous to the environment or to humans. Waste is defined as anything that is
considered worthless or nearly so, such that the owner or producer wants to discard it.
Under this broad definition, everything front sewage to broken glass to spoiled food can
be considered hazardous waste.
The more specific definition in common use today is that hazardous waste consists
of toxic or environm entally harmful chem icals, or m aterials contam inated with such
chemicals, which the owner or producer would like to discard. Usually these chemicals
are worthless byproducts o f profitable chemical processes, or they may be mixtures of
chemicals that would be of value if they were not mixed together. Metal contaminated
sludges, used solvents, old pesticides, and soil contaminated with various chemicals are
examples that fit this definition o f hazardous waste.
How does one clarify the problem of dealing with hazardous waste? A very
interesting approach is taken by Thibodeaux (1990), in which he describes four natural
laws that apply to hazardous waste. He defines a natural law as "absolute, not subject to
repeal by humans." His first law o f hazardous waste is: "I am therefore I pollute." This
embodies the fact that human beings, because we consume food for sustenance, produce

1

waste. Humans also engage in constructive activities in which they m anipulate their
environment and produce desirable goods or effects. All of these activities produce waste
in one form or another. Building a fire produces ashes, eating a banana leaves a banana
peel, even breathing releases CO 2 . A corollary to the first law is: "... all manufactured
products also generate waste."

Since we live in a highly industrialized world, our

potential for generating waste in this fashion is tremendous.
The second law o f hazardous waste is:
im possible.”

"... com plete waste recycling is

This follow s directly from the first law.

Since recycling requires

manufacturing something of value from the waste, it will produce some waste in the
process. Recycling can reduce the net amount of waste produced, but it cannot totally
eliminate waste.
The third law o f hazardous waste involves disposal. Since waste is by definition
something that the owner or producer would like to discard, the ultimate fate of all waste
is disposal in some fashion. The third law states: "the proper disposal o f a hazardous
waste entails conversion o f offensive substances to environm entally com patible
m aterials.’’ The environmental com patibility of the materials is not something that is
easily gauged, because the natural environment sets this standard. However, the effects
o f these end m aterials on the environment can be studied carefully to determ ine how
"proper" a particular disposal method is.
The fourth law o f hazardous waste is: "... small waste leaks (or releases) are
unavoidable and acceptable. Ecosystems can safely handle small leaks o f hazardous
substances.” Nature has always handled naturally occurring hazardous substances, many
of which are chem ically identical to those produced by human processes.

This is

fortunate because the third law says that proper disposal entails conversion to
environm entally com patible m aterials, while the first law holds that this cannot be
accomplished with 100% efficiency. The overriding question to be addressed is: for any
given hazardous material, how small a release into the environment is small enough?
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The job o f determining what quantities of hazardous waste can be released safely
into the environment will require much effort from people with many different disciplines.
A m echanical engineer's background is not well suited for this type o f research.
However, it is suitable for addressing a question involving the third law:

how can

conversion o f offensive substances to environmentally compatible materials be achieved
in a m anner that is cost effective and releases only acceptably small quantities o f
hazardous suostances to the environment? This is the general question with which this
study is concerned.
There are many methods for treating, converting, or destroying various types of
hazardous waste. One method com monly used is to burn the waste, and this is often
accomplished in a rotary kiln incinerator The scope of this study will be limited to rotary
kiln incinerators. The ultimate question to be answered about rotary kiln incinerators is:
how can the process be designed or optim ized to im prove cost effectiveness and
perform ance? To improve or optimize the next generation of rotary kilns, one must be
able to predict their perform ance and determ ine how improvements can be made. For
this, a model that can accurately characterize the system is needed. In order to develop
such a model, one must answer the final question: What are the processes occurring
within a rotary kiln incinerator, and how do they impact the overall performance? Once
the details o f the overall process are understood, a predictive model may be developed
which can facilitate design and optimization of the process.

D E S C R IP T IO N O F A R O T A R Y K IL N IN C IN E R A T O R
A rotary kiln is a refractory-lined, cylindrical shell through which fuel, air, and
solid process materials flow. The cylinder is typically mounted horizontally on rollers
that allow the kiln to rotate, and it usually has a slight incline to facilitate the flow of solids
(see F ig u re 1.1). In a rotary kiln incinerator, the objective is to vaporize and combust
any volatile organic chemicals in the waste. The result is a reduction in solids volume and
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the destruction o f the hazardous organic components. Most rotary kiln incinerators are
capable of handling many types o f solid, liquid, and gaseous wastes. This is why they
are so versatile in handling a variety of waste streams, in contrast to many other types of
incinerators that only handle homogeneous waste streams. The rotary kiln incinerators of
today have evolved from rotary lime kiln and rotary cement kiln technology, where the
processing o f large quantities of solids at high temperatures was the objective.
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Figure 1.1 Schematic diagram of a typical rotary kiln incinerator facility.

In a typical rotary kiln incinerator, waste enters the kiln on the elevated end. Bulk
solids may be fed via conveyer belt, gravity chute, screw -feeder, or hydraulic ram.
Often, drummed waste is fed directly, barrel included, with a gravity chute or hydraulic
ram. Liquid wastes are often introduced into the kiln using atom izing nozzles. High
heating value waste may be fed through specially modified burners where it is mixed with
air and combusted. Sludges and slurries with high water or high solids content are often
piped directly into the kiln where the liquids vaporize and the solids remain.
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Once inside the kiln, the waste undergoes a variety of processes (see F ig u re
1.2).

Solids fall to the kiln floor where they are heated by convection from the gas,

conduction from the wall, radiation from the support flame, and mixing with hot solids.
Rotation of the kiln facilitates mixing of the solids and forms a bed of loose solid material
that progresses toward the kiln exit. Volatile species present in the solids are driven off
by the heating. These volatiles, along with liquids atomized into the kiln, enter the gas
phase where they combust or decompose. The combustion of these volatile species often
provides a large fraction o f the heat needed to sustain the process. However, depending
upon the heating value o f the waste, auxiliary fuel may be introduced into the system
through a support burner. Typically, the kiln is operated at temperatures between 800° C
and 1700° C, with gas phase residence unies greater than 2 seconds and solid phase
residence times between 15 minutes and 2 hours.
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F ig u re 1.2 Processes involved in rotary kiln incineration of containerized waste.
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A typical process flow diagram for a rotary kiln incinerator facility was shown in
Figure 1.1. This drawing shows a co-current design in which the gas and solid streams
flow in the same direction through the kiln. Counter-current designs, in which the gas
and solid streams flow in opposite directions, are also common. In the co-current design,
waste, fuel, and combustion air are fed into one end of the kiln for processing. Hot ash
exits the other end of the kiln, where it falls into a hopper car or a water quench basin.
Most rotary kiln incinerator ash is then landfilled. The hot combustion gas from the kiln
typically contains acid gases, particulates, and sometimes hazardous chemical species that
have not been fully destroyed. This gas enters the afterburner where additional fuel and
air are introduced, and the tem perature is raised to destroy any rem aining hazardous
species. The hot gas then may pass through a heat recovery boiler, however this piece of
equipment is often not cost effective because of the highly corrosive nature of the gas
stream. The hot gas typically undergoes a quench stage where water is sprayed into the
gas to cool it before it enters the other pollution control equipm ent. This is often
accomplished with a venturi scrubber, which also serves to remove some acid gases and
some particulates from the stream. This quenched gas flows into acid gas removal
equipm ent, usually consisting o f a packed column or a spray tower, where a caustic
solution is contacted with the gas to neutralize the acid. Then the stream passes into
paniculate control equipment, such as electrostatic precipitators or baghouses, where the
fly ash and caustic paniculates are removed. Finally, the gas flows through the induced
draft fan and up the stack.
The induced draft fan provides the motive force for gas flow through the system.
Rotary kiln incinerators use induced draft flow because it causes the system to operate at a
slight vacuum so that any small leaks in the system allow air to leak in and no waste can
escape. Air leaks are normally present in rotary kiln incinerators because of the rotary
nature o f the equipment. The rotating kiln must be connected to the fixed feed and
exhaust equipm ent through high tem perature rotary seals, which typically allow
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substantia] am ounts of air to leak into the kiln. The amount of this leakage can be
controlled somewhat by varying the kiln pressure, and this is often one o f the methods
used to introduce additional combustion air to the system.
In some rotary kiln incinerators, part of the secondary air for com bustion of the
waste is provided through nozzles near the support burners. Because the nozzles inject
com pressed air into the system, high velocities are produced which tend to induce
turbulence and bulk mixing within the kiln.

This nozzle supplied secondary air is

typically referred to as "turbulence air".
In rotary kiln incinerators which process solids, the layer of solids on the floor of
the kiln is called the bed. This layer may be anywhere from a few centimeters thick up to
a few meters. The degree to which solids fill the kiln is called the fill fraction, and it is
defined as the ratio of the volume of solids in the kiln to the total volume of the kiln. The
fill fraction may vary along the axis o f the kiln, and in such cases the fill fraction is
defined as the ratio of the axial cross sectional area of bed to the axial cross sectional area
o f the kiln at a particular axial location. In hazardous waste incinerators, fill fractions of
less than 20% are common, although trace contaminated soils may be processed at much
higher fill fractions. The solids bed in most systems consists of ash, metal fragments,
soil, or sorbent material that was intentionally used to pick up spilled waste.
The primary advantages of the rotary kiln incinerator are all related to its flexibility
in handling diverse waste streams. Rotary kilns can handle solid material of very nonhomogeneous size characteristics, including very fine materials and large, bulky items
such as barrels and boxes.

They can also handle liquid and sludge stream s

simultaneously. The ability to destroy containerized waste without having to remove it
from the container is a big advantage. The mixing of the solids caused by the rotating
motion o f the kiln results in heating of the solid material and volatilization of the waste,
even for large, bulky items. The use of a support flame allows the system to process
large quantities o f slightly combustible wastes, such as contaminated soils.
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According to Theodore and Reynolds (1987), disadvantages of the rotary kiln
incinerator include:

high capital and operating costs;

the need for highly trained

personnel required to operate the com plicated facility; frequent replacem ent o f the
refractory lining if the waste stream is very abrasive or corrosive; and the generation of
fine particulates due to the cascading action of the solids in the kiln. One difficulty
peculiar to rotary kiln incinerators is the possibility of fugitive waste emissions during
positive pressure excursions. The introduction of containerized waste into a rotary kiln
incinerator results in transient behavior as the large amount of volatile material from each
container is combusted. Sometimes very rapid combustion occurs, resulting in a rapid
pressure rise in the kiln and the possibility of unburned waste leaking out through the
rotary seals. These excursions from baseline operation are commonly called "puffs”
(Linak et al. 1987a), and are generally controlled by limiting the am ount o f volatiles
introduced in any one container and by operating at an average waste feed rate that is well
below the design feed rate. It is hoped that improved characterization of the processes
occurring in a rotary kiln will allow future designers to prevent the generation o f puffs
without reducing the feed rate or sacrificing the ability to feed containerized wastes.

D ESC RIPTIO N OF RESEARCH A P P R O A C H
When studying such a complex process as rotary kiln incineration, one needs to
take a broad approach because the processes involved are com plex and ultim ately
interrelated.

Insight gained in studying one aspect of the overall process is often

invaluable in understanding other aspects.

Even at the current state of knowledge,

however, there are probably phenomena occurring in rotary kiln incinerators that are
completely unknown and unexpected, yet which strongly influence the overall process. If
one always chooses to concentrate on a single piece of the overall puzzle, then the gaps in
the puzzle will never be realized and studied. It is for this reason that this research is not
focused upon any single phenomena or method of experimentation. Instead, the research

efforts deal with various phenomena, such as bed motion, solids mixing, solids heating,
contaminant evolution, gas flow field, thermal buoyancy, and system operational aspects
such as the addition o f turbulence air. The methods of experim entation include studies
using a pilot-scale rotary kiln incinerator, a field-scale rotary kiln incinerator, and
numerical simulation techniques. This broad study approach has provided both the detail
and the realism needed to understand better the rotary kiln incineration process.
It is important to note that bench-scale studies have been intentionally omitted
from this research plan. Bench-scale studies tend to cover very specific, experimentally
isolated phenomena under carefully controlled conditions. These studies are extremely
valuable for obtaining em pirical data such as sorbent properties and waste properties.
Other bench-scale studies are aimed at more complicated but still experimentally isolated
phenomena such as flame mode kinetics or surface desorption kinetics. These studies
generally produce data that are incorporated into sub-models of specific phenomena, for
later incorporation into more general models. Bench-scale studies are effort intensive,
often being designed, operated, and analyzed by one or more experimenters as their sole
research effort. Clearly, in terms of the overall picture, bench-scale studies are extremely
important. However, the thrust of this study covers phenomena that cannot be studied
adequately with bench-scale experiments. This includes phenomena in which the effects
o f complex geometry are important, or where interactions between phenomena occur.
This also includes new phenomena and interactions that must be identified before more
detailed study is possible.
The phenomena occurring in a rotary kiln that have been chosen for study include
contaminant evolution from the solids bed, mixing and heat transfer in the solids bed, and
gas buoyancy and flow field. These phenomena have been singled out for emphasis in
this research because they appear to be very important to the overall process of rotary kiln
incineration, while being poorly characterized and understood.
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G O ALS AND O BJECTIVES

O verall Program Goal

The overall, ultimate goal of this research program is to develop a detailed
predictive capability for rotary kiln incineration. This overall goal cannot be achieved in a
single step. Therefore, the following approach is used:

• Observe important phenomena experimentally (collect data)
• Propose initial sub-models to describe observed phenomena
• Evaluate these sub-models against experimental data
• Combine these sub-models into a model capable of reliably predicting the
important aspects of system performance

This approach begins with experimental observations, and indeed these play a large part
in this work. The reason is that the processes involved in rotary kiln incineration are
complex, and their individual contributions have not been well characterized. Sub-models
are then formulated to describe the observed phenomena, and these are tested against
experimental data. The final step of assembling the sub-models into a predictive model
for system performance is not included in the scope of this work because much remains to
be done before that can be realized. Instead, it is planned to proceed with the first three
steps of the approach in order to make necessary progress toward the overall program
goal. With this in mind, the following specific objectives were selected for this research.

Specific Research Objectives

Field-Scale Experimental Objectives

(1)

To develop, improve, and expand the field-scale test procedure used in previous
experiments, in order to take more detailed and more informative measurements
under better controlled conditions.

(2)

To perform experim ental tests on a field-scale facility and record detailed
continuous data from the kiln, afterburner, and stack as a function of rotation rate
and turbulence air addition.

(3)

T o reduce the data to a more usable form by ensemble averaging the data in order
to eliminate the effects o f individual pack randomness.

(4)

To determ ine the effects of kiln rotation rate and turbulence air addition on
variables measured throughout the system.

(5)

To perform mass balances on the system with data from the afterburner and stack.

(6)To determine evolution intervals from the measured parameters directly related to
the contaminant evolution (CO 2 , 0

(7)

2

).

To evaluate the potential for using continuous stack oxygen data in calculating
evolution rates.

(8)

To determine the influence o f bed motion regime on contaminant evolution rate.
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Numerical Model Objectives

(9)

To develop a detailed numerical model of the field-scale kiln that is capable of
handling the three-dimensional asymmetrical geometry and is capable of predicting
the non-uniformities observed near the kiln exit during steady state operation in
the absence o f waste combustion.

(10)

To compare the conditions at the kiln exit plane predicted by the numerical model
with those measured experimentally.

(11)

To demonstrate the importance of thermal buoyancy in determining the observed
non-uniformities at the kiln exit plane.

(12)

To determ ine the effect o f turbulence air addition on the flow field and the nonuniformities at the kiln exit using the numerical model.

(13)

To determine the effect o f leak air origin and quantity on the flow field and nonunifonmities in the kiln using the numerical model.

Pilot-Scale Experimental Objectives

(14)

To perform pilot-scale experiments to address the rate of mixing in the solids bed.

(15)

To extract inform ation on mixing and heating time constants, as well as bed
rotation frequency, from the experimental temperature data taken at the pilot scale.

(16)

To propose an empirical bed mixing model based upon the pilot-scale data.

These objectives, and the chapters in which they are discussed, are listed in T able

1.1. Chapter 3 presents the details of the field-scale experimental study, together with
prelim inary oxygen data obtained throughout the system.

C hapter 4 presents and

discusses the rem ainder o f the experim ental data and the influence o f operational
parameters. Chapter 5 includes calculations of contam inant evolution rates and mass
balances, and addresses the influence of bed motion regime. Chapter 6 includes the
formulation of a numerical model of the field-scale rotary kiln, its predictions, and its
validation against experimental data. Chapter 7 presents the study of solids mixing in a
pilot-scale rotary kiln, including an em pirical model of this phenomenon. Chapter 8
summarizes the results of this work and gives recommendations for future work.

Table 1.1 List o f specific objectives and the chapters in which they are discussed.

Field-Scale
Experimental
Objectives

Numerical
Model
Objectives
Pilot-Scale
Experimental
Objectives

Objective
Number
1
2
3
4
5
6
7
8
9
10
11
12
13

3

4

X

X
X
X
X

X
X

Chapter
5

6

7

X
X
X
X
X
X
X
X
X
X

14

X

15
16

X
X

CH A PTER 2

LITERATURE REVIEW

This literature survey focuses on published research directed at understanding the
physical processes associated with hazardous waste incineration in a rotary kiln
incinerator. This review has been divided into six categories; overview and design, fieldscale rotary kiln studies, pilot-scale rotary kiln studies, mixing and heat transfer studies,
scaling studies, and m odeling studies.

For brevity, studies dealing strictly with

combustion kinetics have not been included.

O VER VIE W AND DESIGN STUDIES
Oppelt (1981) presents an early review of incineration as an option for controlling
hazardous wastes. He presents incineration as an effective alternative to other disposal
methods because it efficiently destroys the waste. He briefly discusses the recent (as of
1981) Federal regulations imposed on incinerators as a means o f ensuring that they are
well designed and efficiently operated. The regulations require the owners and operators
o f an incinerator to obtain a permit that specifies the types of wastes to be incinerated.
The facility must demonstrate its ability to meet three basic standards: 99.99% destruction
and removal efficiency (DRE) for each principal organic hazardous component (POHC)
o f the waste feed (D R E =l-(m ass of POHC flowing out the stack)/(m ass of POHC fed
into the incinerator)); 99% rem oval of hydrogen chloride from the exhaust gas; an
emission limit o f no more than 180 mg particulate matter per dry standard cubic m eter of
exhaust gas. The most severe operating conditions for which the incinerator can still meet
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these conditions become the limiting conditions of the permit. Other topics covered in this
review are: the incineration process; design and operation; and types of incinerators. The
difficulty in predicting incinerator performance is discussed, particularly concerning the
tim e/tem perature history and mixing history of the waste. Im proving this predictive
capability is expected to help optimize new incinerator designs and reduce the cost of the
trial bums for permitting.
In a later paper, Oppelt (1986) gives a som ew hat more detailed review o f
hazardous waste incineration. He predicts substantial increases in the use of incineration
as legal restrictions on land disposal are increased.

He covers current practices,

surveying current incinerators regarding their type, conditions o f operation, and their
perform ance.

Analysis o f the then current data revealed that no absolute level o f

com bustion tem perature, mean gas phase residence tim e, or carbon m onoxide
concentration could be correlated with achievement of 99.99% DRE. In incinerators
achieving the DRE requirem ents, residence times ranged from 0.1 to 6.5 seconds,
temperatures ranged from 648°C to 1450°C, and carbon monoxide levels ranged from
5ppm to 6()0ppm. He concludes that the relationship between operating conditions and
performance is facility specific, and concedes that it is currently impossible to specify
absolute operating param eters that will guarantee in advance a 99.99% DRE for a
particular waste. He mentions efforts to increase a data base o f trial bum data for
predictive capability, and em phasizes efforts to identify easily m onitored process
variables, such as carbon monoxide concentration, for use as real time indicators of
system performance.
Finally, Oppelt (1987) suggests that o f all '’terminal" treatment technologies,
incineration is capable o f the highest degree of destruction and control for the broadest
range of hazardous waste streams. He contends that there is a substantial amount of
design and operational experience for hazardous waste incinerators, and he covers this
inform ation in some detail.

Included is an extensive review of regulations, current

practices, various types of incinerators, process monitoring, performance measurement, a
survey o f incinerator em issions, m ethods o f predicting and assuring perform ance, and
risk assessment. Among his conclusions are: available methods for predicting incinerator
performance for particular compounds do not correlate with field experience; none of the
available real-time performance indicators appear to correlate with DRE, although some of
these indicators, particularly carbon monoxide and unburned hydrocarbon concentration,
may be useful for estimating the lower bound of acceptable DRE performance; based on
the then current assessments, there appears to be little increased human health risk from
hazardous waste incinerator emissions; there is considerable public opposition to siting
and perm itting of hazardous waste incinerators even though they have demonstrated
performance levels and apparently pose little human health risk.
Lee, Huffman, and O beracker (1986) give another review of hazardous waste
incineration, including regulations, different types of incinerators with advantages and
disadvantages, types of pollution control equipm ent, and process m onitoring and
performance measurement. Although they conclude that incineration is the best available
dem onstrated technology for waste destruction, they also concede that it is not a perfect
technology, and that considerable research is needed to ensure that em issions are
adequately controlled.
G regory (1981) discusses the many factors involved in incinerator design,
particularly those operated by R ollins Environm ental Services.

He covers specific

com ponents o f the incinerators' designs, including design conditions at each location in
the system. He points out that the designer is faced with a limited supply of published
data, particularly if a variety o f wastes are being considered. He concludes that, in order
to meet the rigorous regulations with limited resources of design information, the design
engineer should develop a very conservative design, making a special effort to estimate
the worst possible case waste to be disposed of in the system.
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P itts and C udahy (1984) d iscu ss v ario u s com bustion system

design

considerations that they consider im portant in the design and upgrading o f hazardous
waste incinerators. The design areas include discussions of nozzles, burner assemblies,
flame patterns, atomization, large droplets, gas phase mixing, heat loss, refractory, waste
characteristics, and thermal oxidation stability of the waste compounds. Tw o trial bums
for rotary kiln incineration systems are also discussed. The authors also discuss the use
of the EPA's pilot-scale liquid incinerator as a research tool for obtaining data on the
various design considerations.
In summary, there have been a few excellent reviews o f rotary kiln incineration.
Unfortunately these reviews focus on the rotary kiln incinerator system as a unit, with
little or no mention of the processes occurring within the rotary kiln. This is evident in
the few published design studies and their rather primitive treatment of rotary kiln design.
These design papers rely on rule-of-thum b methods and emphasize known processes
such as burner characteristics or heat loss through the walls, while advocating large safety
factors to account for the little known processes affecting overall performance.

FIEL D-SCALE IN CINE RA TO R STUDIES
Rotary kiln incinerators have become a common topic of research papers recently.
U nfortunately, o f the papers addressing industrial scale rotary kiln incinerator
performance, virtually all o f them deal with emissions measured at the stack, particularly
during trial burns. Alm ost none have dealt with processes inside the kiln and their
influence on system performance. The only exception is the work carried out at Louisiana
State University by Cundy, Sterling, Lester, and co-workers.
Cundy et al. (1989a) describe the overall program goals for the rotary kiln
incinerator research program at Louisiana State University. The sampling methods are
described, including the use o f large water cooled probes and associated equipm ent for
taking gas samples and species measurements from within the rotary kiln. The samples
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are taken in gas sample bombs for later analysis with GC techniques. Preliminary species
and temperature measurements are presented for both the kiln and afterburner during the
steady state incineration of liquid carbon tetrachloride atomized into the kiln.
Cundy et al. (1989b) com pare species and tem perature data from steady
incineration o f liquid carbon tetrachloride as a function of location in the system.
M easurem ents taken at the kiln exit, the transition region, and the afterburner are
com pared. This work also com pares m easurem ents taken at tw o different vertical
locations near the kiln exit plane. Large non-uniformities are observed at the kiln exit,
and these non-uniformities persist into the afterburner. The addition of turbulence air
appears to reduce these non-uniform ities; however, it also reduces the measured gas
temperatures in the upper kiln where the bulk of the waste destruction is thought to occur.
Cundy et al. (1989c) com pare species and tem perature data from steady
incineration of liquid carbon tetrachloride at a variety of locations near the kiln exit. Large
non-uniformities are observed at the kiln exit, and these non-uniformities persist into the
afterburner.

Some o f these locations, particularly in the transition section, are

characterized by oxygen concentrations and temperatures approaching ambient conditions.
In spite of this, the DRE for the carbon tetrachloride during these tests was always well in
excess of the 99.99% required by permit.
Cundy et al. (1989d) present species and temperature m easurem ents obtained
during the batch mode incineration or toluene-laden sorbent packs. During this study, the
injection o f turbulence air at am bient tem perature is the only independent variable.
Although the time resolution o f the data is coarse, strong transients in temperature and
total hydrocarbons are observed both with and without turbulence air addition. Also
included in this paper is a summary of the steady state carbon tetrachloride studies, and
some prelim inary toluene incineration results from the pilot-scale rotary kiln at the
University o f Utah.

Lester et a). (1989) provide a much more detailed analysis of batch mode
incineration of toluene-laden sorbent packs in a rotary kiln.

Again, transients in

temperature and total hydrocarbons are observed and correlated with visual observations
of the flame and soot present in the kiln. Also presented are the species measurements
from within the kiln and afterburner showing extrem ely low levels o f benzene and no
detectable toluene.

They also discuss the repeatability o f species and tem perature

measurements, levels o f oxygen, carbon monoxide, and total hydrocarbons measured in
the stack, and volatile organic sampling train results from the stack. One surprising
observation is the presence of large amounts of soot in the lower half of the kiln, where
oxygen concentrations are the highest. Each pack o f toluene appears to produce two
transients characterized by copious sooting, separated by a period of little soot but much
flame. The authors suggest that the first soot cloud blocks radiation heat transfer from the
flame to the solids, thus reducing the toluene evolution rate.

When the soot cloud

dissipates, heat transfer increases, resulting in a second transient.
Cundy et al. (1991a) discuss the incineration o f xylene/sorbent packs in a rotary
kiln incinerator. As in their previous studies, gas samples are drawn from within the kiln
through a water cooled probe. However, in this study the samples are continuously
m onitored for oxygen, carbon dioxide, carbon m onoxide, total hydrocarbon, and
temperature.

Again, vertical stratification at the kiln exit is observed, even for the

transient feed. Increasing rotation rate appears to increase the magnitude of the transient
excursions somewhat. The addition of turbulence inducing air apparently only dilutes
species concentrations in the lower kiln, reducing the temperature slightly. In the upper
kiln, the turbulence air causes no change in the observed tem perature, but alm ost
completely elim inates the transient excursions o f the measured species. Video images
taken during the study are discussed, and they appear to show the double transient
phenomena observed during previous studies with toluene (Lester et al. 1989). The
double transients are also evident in the continuous data.

Based upon the visual
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observations, they propose that the observed transients are associated with macroscale
bed motion (disintegration and motion of packs within the bed) and not microscale bed
motion (homogeneous solids bed slumping) as suggested by some others.
Cundy et al. (1991b) compare xylene and dichlorom ethane pack processing in a
field-scale kiln study. The comparison includes the same xylene test data covered by
Cundy et al. (1991a). In general, dichlorom ethane processing produced higher levels of
carbon monoxide, total hydrocarbon, POHC, and interm ediate stable product species
measured in grab samples. In contrast, xylene processing exhibited only very low levels
o f benzene as an interm ediate product.

During processing with both xylene and

dichloromethane, significant stratification was observed at the kiln exit. The upper kiln
was characterized by relatively low oxygen levels and high temperatures, while the lower
kiln exhibited the opposite conditions. Xylene com bustion always appeared to occur
primarily in the lower kiln. When no turbulence air was added, the xylene produced hot,
buoyant, oxygen-deficient gas packets that expanded into the upper kiln, starving the
natural gas support flame and resulting in uncombusted methane. In contrast, this did not
occur with dich lo ro m eth an e, probably

because o f its low er heating value.

Dichloromethane decomposition products were present primarily in the lower kiln when
no turbulence air was added.

However, the addition o f turbulence air appeared to

transport these products to the upper kiln, where the low oxygen levels made destruction
m ore difficult.

Both xylene and dichlorom ethane exhibited evolution transients

apparently related to macroscale bed motion. Finally, increasing rotation rate caused a
slight increase in the magnitude o f the transients for both compounds.
Cundy et al. (1991c) discuss the calculation of evolution rates and mass balances
for a field-scale rotary kiln processing dichlorom ethane contam inated clay sorbent
contained in plastic drums. Experimental data is collected during processing at two
different kiln rotation rates and operation with and without turbulence air injection.
Because measurements at two locations near the kiln exit show that the gas stream was
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not homogeneous, several assum ptions are made in the analysis. The procedure for
calculating evolution rates and mass balances is the same as that presented by Lester et al.
(1991), and is discussed in the scaling section of this literature review. Mass closures on
the dichloromethane arc 85% to 110% during operation without turbulence air and 65% to
75% during operation with turbulence air, showing a trend sim ilar to that observed for
xylene by Lester et al. (1991). The calculation of weighting factors for flow in the upper
and lower kiln suggest that the bulk of the waste combustion products flow through the
lower kiln during operation with no turbulence air, and through the upper kiln when
turbulence air is activated. The average evolution rate for dichlorom ethane shows little
dependence on either turbulence air addition or kiln rotation rate.
In summary, there is a dearth of published data regarding measured conditions
and observed processes within field-scale rotary kiln incinerators. The only exception is
the work carried out at Louisiana State University by Cundy, Sterling, Lester, and co
workers on a single rotary kiln operated by Dow Chemical. These studies have provided
the only published accounts o f conditions within a field-scale rotary kiln incinerator, and
they have provided valuable insight into the complex processes that affect performance.
A large num ber o f published accounts of field-scale rotary kiln incinerator studies,
particularly trial bum summaries, have been omitted here because they have treated the
entire incinerator system as a black box, generally with tem perature being the only
measured condition within the rotary kiln. These studies provide very little insight into
rotary kiln processes. Instead, they emphasize a trial and erTor approach to establishing
an envelope of acceptable operating conditions.

PILOT-SCA LE KILN STUDIES
Linak et al. (1987a) describe the use o f a pilot-scale rotary kiln incinerator
(simulator) for measuring evolution characteristics and puff formation with batch fed solid
wastes. The simulator is a 73 KW directly fired unit with a solids cham ber of 0.762 m

inside diam eter and 0 .6 1 m in length.

The authors use statistical response surface

techniques to select test conditions for parametric studies. They select charge mass,
charge surface area, kiln temperature, and waste material as the independent variables.
The waste charges consist of a num ber of plastic rods of varying lengths to give the
desired mass and surface area. The rods consist o f high density polyethylene, low
density polyethylene, polyvinyl chloride, and polystyrene plastics.

The dependent

variables are transient peak height of the total hydrocarbon analyzer sampling the kiln
exhaust gas, and the total area under each transient peak. The results o f the experiments
are statistically analyzed to produce response surfaces of the dependent variables. The
authors conclude that increasing the temperature may increase the peak puff intensity and
decrease the integrated mass of hydrocarbons exiting the kiln. Both peak puff intensity
and integrated mass are strong functions of the mass and surface area of the charge. The
authors suggest that the formation of transient puffs results from a complicated mixture of
physical and chem ical processes in the kiln.

The processes appear to be strongly

dependent on the nature of the solid waste, the heat transfer, the rate of waste gasification,
and the gas phase stoichiometry.
Linak et al. (1987b) discuss the incineration of liquids bound on solid sorbent
material contained in cardboard containers. The researchers use the same pilot-scale
rotary kiln described by Linak et al. (1987a). In these tests, the waste charges consist of
toluene, dichlorom ethane, carbon tetrachloride, or No. 5 fuel oil adsorbed onto ground
comcob material contained in 0.95 L cylindrical cardboard cartons. Parametric studies are
performed using statistical response surface methods. The independent variables are kiln
temperature, liquid charge mass, and kiln rotation rate, while the dependent variables are
total hydrocarbon peak height and area.

Increases in any of the three independent

variables leads to increases in both of the dependent variables. Difficulties with nonlinear
response of the total hydrocarbon analyzer are discussed, as well as problems determining
the appropriate puff indicator (THC, CO, soot mass) for each waste species.

The
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speciation of the exhaust gas is reported for each of the waste species tested. The authors
propose that the volatile release rate is probably controlled by heat transfer, surface
exposure, vapor pressure, and heat of vaporization o f the waste liquid.
W endt and Linak (1988) propose a theoretical model to predict waste evolution
and puff formation from batch loaded liquid wastes bound on ground com cob sorbent
material. The proposed model relates desorption rate to vapor pressure (via the Clapeyron
relationship) and to surface area.

They assum e that the surface area follow s a

fragmentation type behavior in which the solids periodically fragm ent to produce two
pieces out o f every one. The rate of fragmentation is assumed directly proportional to the
kiln rotation rate. The model appears to simulate the salient features o f the experimental
runs, including multiple evolution peaks, but it fails to agree quantitatively without
adjustment of the parameters.
Lemieux and Pershing (1989) present details of the design and construction of the
pilot-scale rotary kiln simulator at the University of Utah. The solids cavity in the kiln is
0.61 m long and 0.61 m in diameter. A 73 KW coaxial translatable gas burner provides
direct heating in the system. The kiln is refractory lined and is capable of temperatures up
to 1650°C. An airlock gate in the exhaust end of the kiln provides access for loading
charges of waste into the kiln. Charges are placed in the solids cavity with the aid of a
hand-held 1.5 m long loading chute that is inserted through the gate. Removal o f the
solids is facilitated by a water cooled suction probe connected to a solids collection
hopper, a gas heat exchanger, and ultimately to a large vacuum cleaner. The exhaust gas
exiting the kiln is sampled by a variety o f instruments before entering the afterburner
section.

Typical results are presented for zirconium oxidation in this system, and

preliminary results from incineration of sorbent bound toluene are also included.
Cundy et al. (I989d) discuss the use of the Utah pilot-scale rotary kiln simulator
as part o f their overall study o f rotary kiln incinerators (see field-scale section of this
literature review). They perform a parametric study on the batch incineration of toluene
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laden clay sorbent contained in paper envelopes. The independent variables are kiln
rotation rate and temperature. The dependent variables are the transient responses of 0 2 ,
C O 2 , CO , THC, and gas tem perature.

The transient responses tend to show two

relatively low magnitude evolution events at low rotation rates. As rotation rate increases,
these two peaks move closer together and increase in magnitude until a single large peak
results. The occurrence o f these peaks corresponds with the onset of combustion of the
pack and the first slump o f the solids, respectively, both of which expose fresh solid
material. Increasing the kiln temperature from 621°C to 732°C has little effect on the
transient responses.
Owens et al. (1992) perform studies on toluene adsorbed on montmorillonite clay
particles. Charges of this waste are fed into the empty pilot-scale rotary kiln simulator
where the toluene is vaporized without combustion and is measured in the kiln exhaust
gas. The independent variables for the study are kiln wall temperature, solids fill fraction,
and kiln rotation rate. The bulk temperature of the solids is measured continuously with a
thermocouple immersed in the bed of solids. The time-varying desorption rate of toluene
is calculated from the exhaust gas flow rate and the measured toluene concentration in the
exhaust gas. These data are interpreted in terms of a surface renewal model. The model
assumes that the bed is periodically well mixed, with depletion of toluene occurring on the
exposed surface during the stationary intervals. This draw s conceptually upon the
observed slumping motion o f the bed, where the surface of the solids is stationary until a
slump occurs and the surface is renewed.

The slum ping frequency is determ ined

experimentally as a function o f fill fraction and rotation rate, and is then incorporated into
the model. The rate o f toluene desorption is determined by the rate of diffusion through
the surface layer, which is approximated as a semi-infinite medium; an effective diffusion
coefficient with an Arrhenius-type dependence on tem perature is used. The resulting
model has two empirical constants that are adjusted to give the best fit of the data. The
temperature in the Arrhenius term is supplied by the measured bed temperature (assuming
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the bed to be spatially isotherm al) as a function o f time.

Because the m odel is

exponentially dependent upon tem perature, the predicted evolution rates are highly
sensitive to the temperature o f the solids. The predicted toluene evolution rates agree
surprisingly well with those determined experimentally, although the two fit parameters
were temperature dependent.
In contrast to most studies o f field-scale incinerators, pilot-scale rotary kilns have
been used to study specific phenomena occurring within the rotary kiln. Although there
have been studies using pilot-scale process rotary kilns, only those used to study
hazardous waste incineration have been included here. These simulators have provided
valuable data, with particular em phasis on waste evolution from solids and puff
formation.

BED HEA T TRANSFER STUDIES
Imber and Pashkis (1962) construct two heat transfer models for evaluating the
assumption o f well-mixed solids in kilns. One model assumes transverse well-mixed
solids, resulting in a one dimensional problem. Experimentally determined heat transfer
coefficients for a lime kiln are used (from the experim ent with which the model
predictions are to be compared). An alternative model is formulated assuming the bed is
an unmixed slab o f finite thermal conductivity, with the upper and lower surfaces at the
experim entally measured gas and wall tem peratures, respectively. Com pared to the
experimental data, the predictions of the well-mixed model agree well, while the unmixed
model grossly underestim ate the exit tem peratures.

The authors conclude that for

conditions typical o f cem ent and lime kilns, the w elt-m ixed solids assum ption is
appropriate.
Sass (1967) presents a typical simplified model o f heat transfer to wet solids in a
rotary kiln. The model consists o f differential equations to predict axial profiles of
temperature and concentration. Heat transfer coefficients are evaluated using correlations

available in the literature.

The model shows good agreem ent with experim ental

m easurem ents of gas and solid tem peratures in an industrial cem ent kiln and gas
temperatures in an iron ore process kiln. The good agreement may be attributed to the
adjustment of several poorly characterized coefficients to obtain the best fit of the data.
Kem (1974) presents a heat transfer model of a rotary heat exchanger that includes
the usual assumptions of well-mixed gas and solids at each axial cross section. However,
in order to account more accurately for the regenerative heat transfer from the wall, a
relatively sim ple wall model is solved to yield an analytical expression for the
circumferential wall temperature distribution. The model is used to predict temperature
profiles as a function o f length, rotation rate, and temperature change, but is not compared
to experimental data.
Wes, Drinkenburg, and Stemerding (1976) present a model for heat transfer in a
horizontal drum reactor. The heat transfer model is based upon a thermal penetration into
stationary solids at the wall, followed by mixing while traversing the free surface of the
bed. The effective wall to solids heat transfer coefficient is then predicted based upon the
analytical solution for transient conduction into a semi-infinite solid. Solids temperature
and heat transfer coefficients are compared to those determined experimentally in starch
heaters, and the results appear to agree very well.
G hoshdastidar, Rhodes, and O rloff (1985) present a heat transfer model for a
rotary kiln incinerator burning solid Plexiglas waste. The model uses a zonal technique to
account for radiation heat transfer, a finite element technique to account for circumferential
wall temperature variation, and the solids are assumed transversely well mixed. A first
order kinetic relationship is used to predict the waste volatilization and its subsequent
combustion. Temperature profiles and solids burnout are predicted for several different
fill fractions, but no comparison is made to experimental data.
A group at the University o f British Columbia, Vancouver, has done extensive
work on heat transfer and bed m otion in rotary kilns.

The group, including Barr,
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Brimacombe, Gorog, Henein, Tscheng, and W atkinson, has focused on conditions
associated with m etal ore processing and not waste incineration.

H owever, their

extensive work has included both theoretical and experimental aspects, and they have
produced valuable data using a pilot-scale rotary kiln facility.

A review of their

publications follows.
Brimacombe and W atkinson (1978) introduce the research program on rotary kiln
reactors at the University o f British Columbia. They acknowledge that heat transfer is
often the most important part o f rotary kiln processing, yet it is poorly understood and
there is little controlled experimental data available. They attribute this to the difficulty in
making m easurem ents in a rotating vessel. They observe that design o f rotary kiln
processes (as o f 1978) is done using rule-of-thumb methods in lieu of predictive models.
They discuss the U.B.C. pilot rotary kiln, which is 5.5 m long, 41 cm in diam eter, with
an 8 to 104 kw support burner in a directly-fired, counter-current flow configuration.
Solids feed is accomplished via a screw mechanism to simulate the steady feed typical of
process rotary kilns. The facility is heavily instrum ented, with many thermocouples
m easuring the tem peratures of the kiln shell, kiln refractory, solids, and gas. Data are
transferred from the rotating thermocouples to data recording equipment via a series o f
slip rings and contact brushes.

A series of experim ents is described, and the data

reduction methods are discussed. The objective of the tests is to calculate heat fluxes
across interfaces in the system over a range of operating conditions. These heat fluxes are
calculated assuming: gases and solids move in plug flow; radiative heat flux in the axial
direction is negligible; at any axial location, the gas and solids are each characterized by a
single temperature (only temperature gradients in the axial direction are considered).
These results and their analysis follow in the second paper o f the series.
In the second paper of the series, W atkinson and Brimacombe (1978) present the
experimental heat fluxes in the pilot-scale kiln and compare them to predictions based
upon simple models. For the gas to refractory wall heat flux, experiments and predictions
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agree very well. For gas to bed heal flux, predicted values are an order of magnitude
smaller than experimental values. The authors describe bed motion as either slumping or
rolling, and estimate coefficients for gas to solids heat transfer for each motion regime.
They also present a bed behavior diagram that predicts the motion regime for a particular
solid in the pilot kiln as a function of fill fraction and kiln rotation speed. They observe
that rolling bed motion is characterized by larger heat fluxes than slumping motion. They
use a two resistance approach to derive heat transfer coefficients for both the gas side and
burden side of the gas-solids interface. In an appendix, the authors consider heat flux
across the bed-wall interface.

Because the m easured wall tem peratures and bed

temperatures were only slightly different, this mode of heat transfer was neglected in the
preceding calculations. They use penetration theory to estimate heat fluxes between the
wall and the solids, and conclude that they are less than 13% of the total heat flux to the
bed and are therefore negligible. They reach a similar conclusion regarding radiative heat
flux between the wall and the free surface of the solids under the conditions of this study.
Tscheng and W atkinson (1979) perform a study on convective heat transfer in a
rotary kiln. They calculate heat transfer coefficients from experimental data using a pilotscale rotary kiln with the following assumptions: both the gas and solid phases exhibit
plug flow with uniform (but different) temperatures at each axial location; the local wall
temperature does not fluctuate as it is covered by the bed and subsequently uncovered;
the bed surface is planar, with an area equal to its chord length times the kiln length. In
this study the kiln is not fired, heat being supplied by hot air flowing through the kiln,
resulting in negligible radiation heat transfer. In order to calculate convective heat transfer
coefficients between the gas and solids, heat transfer between the solids and wall is
calculated using a correlation that the authors construct based upon literature data. The
correlation relates the solids-wall Nusselt number to (nR^p / a)0-33 where:
n = rotational speed (rev/sec)
R = kiln radius (m)

29

p = central angle o f sector occupied by the solids bed (rad)
a = thermal diffusivity of the solids (m^/sec)
The data approach limiting values for small particle size, and the correlation applies only
in the limit o f small particles. The researchers conclude that the gas to solids heat transfer
coefficient is an order of magnitude higher than that from the gas to bare wall. They
attribute this to the large surface area o f the particles on the surface, and to the effect of
lateral velocity o f the solids as they move down the inclined surface. Correlations for
gas-wall and gas-solids heat transfer coefficients are fit to the data and presented. It is
observed that solids throughput and kiln inclination angle have no influence on heat
transfer coefficients, and the fill fraction does not influence the gas-wall heat transfer
coefficient. The effect of particle size is negligible within the narrow range of panicle
sizes tested.
Gorog, Brimacombe, and Adams (1981) perform a theoretical study on radiative
heat transfer in rotary kilns. Radiation is thought to be the dominant mode of heat transfer
in field-scale rotary kilns due to the high temperatures typical of operation. The authors
construct a radiative heat exchange model that accounts for the kiln and bed geometry,
includes em ission, absorption, and diffuse reflection from the solid surfaces that are
assumed to be gray, and treats the gas as a non-gray gas with distinct emission/absorption
bands. The resulting equations are numerically integrated, and results are presented in
chart form.

They com pare the results to those obtained with a sim pler gray gas

approximation solution using a resistance network approach. They conclude that since
the gases in a typical kiln contain much C O 2 and H 2 O, the gas phase should be treated as
a real gas and not as a gray gas.

Predictions show that for kiln wall and solids

reflectivities greater than 0.2, the gray gas assumption will lead to heat exchange more
than 20% in excess o f the real gas model. They show that gas-solids or gas-wall heat
exchange occurs primarily within a ±0.3 kiln diam eter axial distance because the gas
participates strongly in the radiative heat transfer, allowing the axial temperature gradients
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to be treated as a series of isothermal zones with little error. Gas radiation that is reflected
from the walls and solids tends to be reabsorbed by the gas, so reflection at these
wavelengths only influences the heat transfer locally. Radiant exchange between the
solids and the kiln wall occurs primarily within an axial distance of ±0.75 diameters, so
even in the clear gas wavelength band the assumption o f axial isothermal zones may be
very good. Charts are presented which may be used to estimate radiant heat transfer in a
rotary kiln as a function of kiln diameter, gas composition, temperature, and fill fraction.
Gorog, Adams, and Brimacombe f 1982) also develop a mathematical model to
evaluate regenerative heat transfer in rotary kilns. Regenerative heat transfer is the
process in which heat is transferred from the hot gas to the exposed kiln walls. The kiln
rotates until this part of the wall is covered by the solids bed, and heat is transferred from
the wall to the bed. The cooled wall then rotates until it is exposed to the gas again and
picks up more heat. The mathematical model uses a finite-difference method to simulate
the temperature distribution in the kiln wall. Radiation is treated using a zonal method
assuming gray surfaces and gray gas. The solids bed and gas are assumed isothermal at
each axial location. Heat transfer coefficients between the gas and walls, gas and solids,
and solids and walls are predicted using the correlations developed by their co-workers
(Tscheng and W atkinson 1979). The model is used to evaluate the effect of several
process variables on the regenerative and total heat flow to the solids. The authors
conclude that the kiln wall temperature distribution and total heat flow to the solids is
relatively insensitive to process variables such as kiln rotation rate, fill fraction, wall
thermal properties, emissivities, or heat transfer coefficients. They reason that changes in
the process variables have opposing effects on the different modes of heat transfer,
resulting in overall insensitivity to the process variables. O f course, these results apply
only over the range of conditions simulated in this study. Other conclusions of note are
drawn from the study. The penetration of cyclic temperature variation into the kiln walls
rarely exceeds 1.5cm, and the magnitude of the variation in wall surface temperature is
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between 30 K and 90 K. At the burner end of the counter-flow kiln, 60% to 80% of the
heat transfer to the bed is via radiation, while at the relatively cool solids feed end, only
30% is via radiation. The authors construct a greatly simplified resistance analog model
that assumes the kiln wall is also isothermal at each axial location, as justified by the
results of the more elaborate model. This simplified model is able to predict axial wall
temperature profiles and heat flows within 5% of the more elaborate model predictions for
the conditions o f this study.
Henein, Brimacombe, and W atkinson (1983a) present an experimental study on
bed motion in a pilot-scale kiln and in rotating cylinders. Experiments are performed
using a variety o f granular solids in different diameter cylinders as rotation rate and fill
fraction are varied. The type o f bed motion resulting, generally slipping, slumping, or
rolling in this study, is plotted against bed depth and rotational speed to create a bed
behavior diagram for a given solid material and cylinder diameter. This characterization is
needed for better estimation o f heat transfer coefficients in the system and this study is
discussed in more detail in the Bed Motion and Mixing section of this literature review.
Henein, Brimacombe, and W atkinson (1983b) discuss modeling of bed motion in
rotary kilns. Their objective is to develop a fundamental basis for the behavior observed
by Henein, Brimacombe, and Watkinson (1983a). The authors present a semi-empirical
model for predicting the transition from slumping to rolling bed motion. This paper is
also discussed in more detail in the Bed Motion and M ixing section of this literature
review .
G orog, Adams, and B rim acom be (1983) present a m athem atical model for
estimating temperatures and heat flows in the flame zone of a directly fired rotary kiln.
This model is to complement the work done on non-flame zones in a kiln (Gorog et al.
1981, 1982). The authors use a zonal analysis consisting of resistance analog networks
in each zone to model the heat transfer. In each axial zone, the walls, gas, solids, and
flame are each assumed to be isothermal, and axial radiation is neglected. The flame.
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walls, and solids are treated as radiatively gray with the emissivity of the flame taken as
2/3 o f the peak emissivity o f the flame based upon the carbon to hydrogen ratio of the
fuel. The flame is taken to be a constant diam eter cylinder on the axis of the rotary kiln,
with a length estim ated from burner and fuel type. The gas surrounding the flame is
assumed to be air and thus does not participate in the radiation heat transfer. The model is
used to study the influence of process variables on heat transfer, but the results are not
com pared to experim ental data. The use o f a fuel yielding a more em issive flame
increases the heat flow to the solids while decreasing the flame temperature. For a natural
gas flame, preheating the secondary air increases the flame length resulting in greater heat
transfer to the solids, while increasing the primary air flow rate has the opposite effect.
Oxygen enrichment of the primary air reduces the flame length but increases heat transfer
to the solids because the flame tem perature is increased. The results apply only to the
flame zone o f a kiln, and any subsequent heat transfer must be modeled using the non
flame models while matching temperatures and flow rates at the interface.
Barr, Brimacombe, and W atkinson (1989a) present the results o f a series o f
experimental heat transfer studies in a pilot-scale rotary kiln. These studies are more
extensive than those described by Brimacombe et al. (1978), and the facility was more
heavily instrumented. The objective is to obtain pilot-scale data detailed enough to
compare with heat transfer model predictions. The authors observe that the solids are
heated very rapidly in the first 1,5m of the kiln, followed by declining net heat input to the
bed. In beds undergoing endothermic reactions, at the location of reaction onset the net
heat input to the bed increases sharply as does the thermal transients of the inner
refractory surface. Under conditions of the study, regenerative heat transfer from the wall
to the bed amounts to a maximum of 60% of the heat transfer through the free surface of
the bed. Negative regeneration, with the bed transferring heat to the wall, is often
encountered beyond the kiln midpoint except for the case of endothermic reaction in the
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bed. The bed temperature and kiln wall temperature are observed to be closely coupled,
even when endothermic reactions occurred.
Barr, Brimacombe, and W atkinson (1989b) present a detailed heat transfer model
for a rotary kiln, and compare predicted results with experimental data. The model uses a
ray tracing technique to model radiant heat exchange between the wall, the solids, and the
gas. The model treats the spectral absorptive behavior of the gas using three gray gas
bands and a clear band. Reflection from the solid surfaces is accounted for, while the
presence of a flame is not addressed. Conduction in the walls and solids is modeled
using a finite difference scheme, and heat transfer from the wall to the solids is simulated
directly as transient conduction rather than using a convection coefficient. The model is
intended to simulate a single axial zone of a kiln, a series of such zones being necessary to
model the entire kiln. The com parison with experim ental data proved difficult as the
model required input values for gas tem perature and bed tem perature, and it showed
extreme sensitivity to the input bed temperature. Since the experimentally measured bed
temperatures are only accurate within ±25 K, the model is run for several different bed
temperatures within that range, and these runs are all compared to the experimental data.
The resulting predictions appear to agree well with the experimental data for a wide range
of solids m aterials and conditions, although the m ethodology is not rigorous. The
authors conclude that the model works and use it to predict heat transfer in a simulated 4
m diam eter prototype kiln. They conclude that the essential features of the interaction
between heat transfer processes are the same at each scale.
Owens et al. (1991) discuss a transient tem perature model and a series o f
experimental pilot-scale incineration studies of moist clay sorbent that they compare to the
model. The experimental study focused on four independent variables; bed fill fraction,
kiln rotation rate, kiln wall temperature, and moisture content o f the sorbent. The bed
temperature is the single dependent variable. The model consists of a thermal resistance
network to simulate an indirectly fired rotary kiln, which approximates the conditions of
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low temperature operation in the directly fired kiln simulator. The radiation heat transfer
is accomplished using gray gas and gray wall approximations, while the heat transfer
coefficients are estim ated using correlations available in the literature.

The usual

assumptions o f axial plug flow for the gas, transversely well mixed solids and gas, and
axial zones dividing the kiln into segm ents are used. The resulting model predicts
transient heating o f the solids in the sim ulator because the simulator allows only batch
processing; solids do not flow axially through the system. The heating of the moist solids
is treated in three stages; initial heating to 100°C, isothermal evaporation of water at
100°C, and final transient heating of the dry bed. The authors com pare the model
predictions to measured tem perature data from dry sorbent and get generally good
agreem ent, particularly at higher fill fractions, higher rotation rates, and low er
temperatures. The experimental trends caused by variation of the independent variables
are all predicted by the model. Predictions for moist sorbent are qualitatively similar to
the experimental results although the model tends to overpredict the overall heating rate.
The experimental data does show an approximately isothermal period at 100°C while the
moisture evaporates. The model is then used to predict thermal time constants, and
simple scaling laws for heat transfer are developed on this basis. The scaling laws differ
for convection dominated heat transfer and radiation dominated heat transfer, and differ
further if moisture vaporization is occurring. The result is a set of scaling laws that are
unlikely to be all matched for two different sized kilns. The relative importance of the
radiation and convection heat transfer is presented, with convection heat transfer more
important at low temperatures. For a typical set of conditions, the convective heat transfer
is more than twice as large as the radiation heat transfer for kiln wall temperatures below
700 K.
In summary, substantial work has been done on heat transfer to the solids in a
rotary kiln, particularly through the use of pilot-scale process rotary kilns. Most of this
work has emphasized process kilns such as lime kilns or ore oxidation kilns, but some o f
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the results may apply equally well to hazardous waste incinerators. Because o f this
emphasis, these studies tend to focus on axial temperature profiles during steady-state
solids feed. The paths of heat transfer to the bed have been well documented as: radiative
exchange with the support flame, gas, and kiln walls; convection with the gas; and
regenerative heat transfer via convection and radiation to the bare kiln wall followed by
conduction between the covered kiln wall and the bed. C orrelations are available for
estim ating various heal transfer coefficients but they are not very accurate. M ixing
augmented heating o f freshly fed solids has not been addressed, probably because of the
emphasis on continuously fed process kilns.

BED M O T IO N AND M IX IN G S T U D IE S
D anckw erts (1953) discusses m ixing of all types o f m aterials from a very
fundamental perspective. Although the majority of the work is not applicable to mixing in
a rotary kiln, a dimensional analysis is presented which may apply to any mixing system.
The author describes mixedness o f a system in terms of a volume scale of segregation
compared to the total volume of the system, and its scaling groups are:

v/

= function | u L p / p , u t / L , u 2 / g L J

(2.1)

v = volume scale o f segregation
= total volume of the mixing system
u L p / p = Reynolds number
u t / L = scale factor for mixing time
u ^ / g L = Froude number
The Reynolds number for flow o f solid particles is not clearly defined. The m ixing time
scale factor could be useful in scaling experimental mixing data from simulators to fieldscale kilns. The appearance of the Froude number is also of interest because it has been

used for similarity o f bed motion regimes in rotary kilns (Henein et al. 1983a). This
analysis neglects m olecular diffusion, which is not present in m ixing o f solid particles,
and it presumes that some aspect o f the mixing motion is influenced by gravity.
Lacey (1954) presents a theoretical discussion of solid particle mixing in a variety
of systems. He uses a statistical approach to define mixedness as a function of sample
variance o f the mixture concentration. He states that regardless o f the mixing mechanism,
all mixing follows an exponential rate relationship of the form:

M = 1 - exp( -k t )

(2.2)

M - degree of mixedness, where unity is perfectly mixed
k = rate constant
t = time
This relationship holds because all mixing processes tend toward an equilibrium state that
can only be approached asymptotically. Several more detailed theories are discussed,
along with their implications regarding the rate constant. The diffusion mixing theory is
o f special note as it is applied to axial mixing in a horizontal rotating drum mixer. The
transverse mixing in such a system is said to be very rapid compared to the axial mixing.
An analytical solution based upon Fick's second law of diffusion is presented which
relates concentration to axial position, time, and a diffusion coefficient. The author
concludes that the experimental data available is too limited to discriminate between any of
the theoretical mixing models because they all predict similar relationships.
Gayle and Gary (1960) present a study on axial mixing of solids in a horizontal
rotating drum. For the experiments, solid particles of different colors were placed in a
small drum in axial com partments separated by dividers. The dividers were removed,
rotation was started, and after a specified num ber of revolutions the solids were sampled
from axial locations in the drum. The particles in the samples were separated by their

37

color and counted. A segregation index was calculated for the entire m ixer based upon
the chi-square values of the color distributions in the samples. The data are plotted, and
show a linear relationship for:

1/S = 1 + k D l - 4 5 R /

l2

(2.3)

S = degree of segregation
k = rate constant
D = diameter o f mixing drum
R = number o f revolutions of the mixing drum
L = length of the mixing drum
It should be noted that since the degree o f segregation is calculated for the entire system, it
is not a local property. Thus, this model cannot be compared directly to an axial diffusion
model that predicts concentration of particles as a function o f distance from the interface
and number o f drum rotations.
Car ley- Macau ley and Donald (1962) perform a study of solids mixing in a variety
of tumbling mixers including a horizontal cylinder. They define mixing in terms o f the
variance of local samples. The solids are distinguished by two different colors, and the
proportions of the colors are measured in small samples taken at various locations within
the mixer and times after the onset of mixing. The results are plotted with the variance
logarithmically against the num ber o f revolutions of the mixer. This is equivalent to an
exponential relationship obtained from a first order rate process, with the slope o f the
resulting straight line being the decay constant.

For the horizontal cylinder, the

relationship was indeed a straight line, but for other mixer configurations such as an offaxis cylinder, the plots yielded variable decay constants. The authors make an effort to
determine the effect o f the initial positions of the two colored phases on the mixing rate,
finding only a m inor influence on the decay constant in any particular direction. They
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find that fo r transverse m ixing in a horizontal cylinder, the decay constant is
approximately 3 revolutions, while for axial mixing the constant is approximately 2500
revolutions. They note that mixing along an inclined axis is characterized by a decay
constant that begins at the smaller value but approaches the larger value after sufficiently
many revolutions. This means that both axial and transverse mixing occur together along
the skewed axis, and systems that show variable decay time constants may actually
consist o f com binations o f distinct mixing processes. The authors do not thoroughly
address the effect of fill fraction on their results, although for the horizontal cylinder,
increasing the fill fraction from 30% to 50% very surprisingly caused the decay constant
to decrease from 2.8 to 2.6 revolutions.
Carley-Macauley and Donald (1964) present a further investigation into mixing of
solids in tumbling mixers. The degree of m ixing is characterized as in the first paper in
their series, and the mixing time constants are determined in the same fashion as before.
They obtain indeterminate results for the influence of mixer rotational speed on the mixing
time constant. Contrary to the first paper, they find that the transverse m ixing time
constant (in units of m ixer revolutions) increases rapidly and nonlinearly as the fill
fraction is increased. In going from a 25% to a 50% fill fraction, the time constant
increases from 2 to 15 revolutions. Variations in mixing time constant due to particle size
are indeterminate. The authors accurately describe rolling bed motion in the horizontal
cylinder, as well as cascading, cataracting, and centrifuging. The motion of individual
particles is observed as they circulate through the bed, and the authors note that mixing
only occurs when the particles enter the moving layer sliding down the free surface. They
surmise that the degree o f mixing is related to the amount of circulation through this
moving layer, but they fail to test this by plotting mixedness against number of rotations
o f the bed rather than relying on rotations o f the entire cylinder as the dependent variable.
Lehmberg, Hehl, and Schiigerl (1977) perform a study on transverse mixing and
heat transfer in horizontal drum reactors. They begin by characterizing the motion o f
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panicles in the bed during slumping or rolling behavior. Using colored tracer panicles
they observe qualitatively the process of transverse mixing, and their photographs are
very informative. To quantify the m ixing rates they place hot solids on a cold bed and
allow them to mix. A stationary thermocouple located in the bed registers alternately cold
or hot conditions as the tem perature difference decays to zero.

A log plot o f the

magnitude o f the fluctuations yields a straight line with a slope equal to the decay time
constant. They repon decay time constants between 6.4 and 4.3 seconds at rotation rates
between 5 and 15 rpm, compared to a measured value of 60 seconds for no rotation and a
calculated time o f 0.16 seconds if the particles were instantaneously mixed and only
interparticle conduction occurred. They do not address the effect of rotation rate or fill
fraction directly on mixing, rather they use the thermal heating time constants to calculate
solids-wall heat transfer coefficients assuming that the bed is well mixed. They determine
that the heat transfer coefficients are dependent upon the intermittent contact time for the
solids against the wall, and upon the particle size. An attempt to model the heat transfer
using a penetration depth approach with independently measured material properties
overpredicts the solids-w all heat transfer coefficient by about a factor o f two.

An

im proved model allow ing an air film resistance between the wall and solids is
constructed, but no experimental verification is possible because the experimental data are
used to determine the film resistance.
Henein, Brimacombe, and W atkinson (1983a) present an experimental study on
bed motion in a pilot-scale kiln and in rotating cylinders. Experim ents are performed
using a variety o f granular solids in different diam eter cylinders as rotation rate and fill
fraction arc varied. The type o f bed motion resulting, generally slipping, slumping, or
rolling in this study, is plotted against bed depth and rotational speed to create a bed
behavior diagram for a given solid material and cylinder diameter. The experiments show
that the transition from slumping to rolling bed motion is favored by higher fill fractions,
spherical rather than irregular particles, smaller particles, materials with a smaller static
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angle o f repose, and larger cylinder diameters. Similar bed behavior with panicles o f the
same shape but different sizes and contained in cylinders o f different diameters requires
similarity in fill fraction and modified Froude number. The modified Froude number is:

Fr' = <o>2R/gHD/dp)0.5

(2.4)

to = kiln rotation rate
R = kiln radius
g = gravitational acceleration
D = kiln diameter
dp = particle diameter
The experimental data show that plotting bed motion transition against fill fraction and
modified Froude number will do a good job of collapsing the data from different solids
materials into a single bed motion diagram. The authors then characterize each mode of
bed motion and how it is affected by other variables. In slum ping bed motion, the
maximum angle o f bed inclination is only weakly dependent on rotational speed, while the
shear angle is independent of rotational speed and bed depth, but decreases with smaller
diam eter particles. The slumping frequency increases for greater rotational speed and
smaller particle sizes, but is unaffected by bed depth. In a rolling bed, the dynamic angle
o f repose is unaffected by rotational speed or bed depth, but it decreases with smaller
diameter panicles.
Henein, Brimacombe, and W atkinson (1983b) discuss modeling of bed motion in
rotary kilns. Their objective is to develop a fundamental basis for the behavior observed
by Henein et al. (1983a). The authors present a semi-empirical model for predicting the
transition from slumping to rolling bed motion. The model shows that the transition is a
function o f Froude number, fill fraction, size o f the shear wedge, the minimum shear
wedge, the shear angle, and the cylinder diameter. It should be noted (the authors do not)
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that their model developm ent cannot account explicitly for particle size although the
particle size may influence the shear wedge and shear angle. Relatively good predictions
are obtained with the model as compared to experimental data. Transitions to other modes
o f bed motion are also m odeled, including slipping, cascading and cataracting, and
centrifuging. A detailed characterization o f slumping motion is also presented.
In recent years, much progress has been made toward characterizing the motion
and mixing of solids in rotary kilns or rotary drums. The regimes of motion have been
well documented and even modeled. M ixing has been studied in both the axial direction
and the transverse direction, and some experim ental data has been presented. With
relatively sparse data, no correlations or models have been developed which can predict
the rate o f mixing in either direction as a function o f operating conditions and material
properties.

SCALING AND EM PIRICAL KILN MODELS
Saem an (1951) presents the theoretical developm ent of equations predicting
transport time and volumetric transport rate of solids through a rotary kiln. For kilns with
relatively small fill fractions, the time of passage of solids is:

t = L*sin(6) / ( 2*7t*R*n*0)

t = time o f passage o f solids through the kiln
L = kiln length
0 = angle o f repose o f bed material (radians)
R = kiln radius
n = rotational speed of kiln (revolutions/minute)
0 = axial slope o f the kiln (radians)

(2.5)

This equation applies only for beds thin enough to assume that the radius from the kiln
axis to the bed surface is approximately R. For a kiln with a larger fill fraction, the
volumetric transport rate is:

q = (4*re*n / 3) * (<J> + v*cos(8)) * ( R2 - r2 ) 15 / sin(0)

(2.6)

q = volumetric transport rate
y = axial slope of the bed surface (radians)
r = radius from the kiln axis to the bed surface (= R - maximum bed thickness)
The transport time is:

t = L * A /q

(2.7)

A = cross sectional area o f the bed
The authors present further equations and considerations for kilns with constrictions and
for tapered kilns. The theoretical equations are compared to experimental data reported by
other researchers, and the agreement appears very good. A practical observation of this
work is that the maximum volumetric transport rate for a given kiln is obtained when
operating at a 50% fill fraction.
Luethge (1951) presents some short-cut scaling formulas for rotary kilns. The
analysis is based upon many assumptions, including geometrically similar kilns with the
same fill fraction, the time-temperature history of the solids is assumed to be the same, the
auxiliary heat exchange equipment on the kilns must be comparable, and heat loss through
the kiln wall is negligible. These scaling formulas are based primarily upon the solids bed
surface area and its volume as they relate to the variables of concern. For optimum
production:
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Q = k*D*L

(2 .8 )

Q = optimum production rate (mass / time)
D = inner diameter of the kiin
L = length o f the kiln
k = scaling constant
The proper diameter for equivalent dust pickup per mass of product is:

D = k*L

(2.9)

k’ = scaling constant
The proper rotational speed of the kiln to achieve the optimum production is:

S = k"*Q / D 3

( 2 . 10 )

S = kiln rotational speed (revolutions / time)
k" = scaling constant
If the mass production rate is held constant, the change in fuel usage for a different sized
kiln is:

F = k D* L

(2.11)

F = fuel usage per unit mass o f product
k"' = scaling constant
The scaling equations are reportedly tested against experimental data with good results,
although the data are not given.
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W illiams, Becker, and Girovich (1988) present a physical flow simulation o f a
rotary kiln incinerator, em phasizing on the afterburner section.

They describe a

transparent scale model that uses smoke to facilitate flow visualization. Gas velocities are
maintained such that Reynolds num bers are equal to those o f a proposed fie ld scale
incinerator. The model is used to estimate gas residence time in the afterburner chamber.
Various secondary burner and baffle arrangements are evaluated. The average residence
time o f smoke in the afterburner cham ber was maximized using a burner and baffle
arrangem ent that produced a strongly recirculating flow, providing substantial backmixing. The authors conclude that the flow model provides residence times that are more
accurate than those obtainable using conventional sizing techniques, although they do not
claim that the predictions will agree with the behavior of the field-scale unit, and no
experimental field-scale results are presented for comparison.
Lester et al. (1991) discuss scaling of contaminant evolution rates from solids
beds in rotary kilns. Experim ents conducted at the pilot scale are discussed. These
experim ents involved the incineration of toluene adsorbed on clay particles charged
directly into the rotary kiln simulator. The combustion of each charge produced CO 2 that
was measured as a function of time. By calculating the amount of toluene necessary to
produce the C O 2 flow rate at any instant, the time resolved toluene evolution was
inferred. From this, the integrated toluene evolution was calculated, and the final quantity
evolved was compared to the quantity known to have been in the charge to get a mass
balance on toluene.

The integrated toluene evolution curves are then presented.

Experiments conducted at the field scale are also discussed. These experiments involved
the incineration o f xylene adsorbed on clay particles contained in plastic drums. The
analysis used to obtain integrated xylene evolution curves and xylene mass balances is
similar to that o f the pilot scale, with the following complication. The CO 2 responses
were measured at two locations near the kiln exit, and uue to the non-uniform conditions
there, different CO 2 responses were obtained at each location during similar operating
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conditions. This difficulty was circum vented by assum ing the upper and lower CO 2
measurements each represent a plug flow of combustion gas, and weighting factors were
used to represent their relative flow rates. W eighting factors were calculated based upon
baseline values (operation with no xylene fed into the system, only the steady support
burners supplying heat and C O 2 ) o f tem perature and C O 2 at each location. The
weighting factors were then used to calculate the overall xylene evolution from the bed
using the two measured CO 2 responses. The integrated xylene evolution showed mass
closure of approximately 85% during operation with no turbulence air addition, but only
about 55% closure during operation with turbulence air addition. The integrated xylene
evolution curves dem onstrated substantial variability at the beginning and end of the
evolution process, making com parisons o f time for evolution quite difficult. In order to
reduce the effects of this variability, a quantity called the "evolution interval" is defined as
the time required for the middle 80% o f the ultimate contam inant evolution to occur.
Evolution intervals are calculated for operation at each of two experimental kiln rotation
rates, and similar evolution intervals are calculated for the pilot-scale data. The authors
demonstrate that the evolution interval is directly proportional to the bed thickness, using
kiln simulator data. They base this result on the assumption that the bed may be treated as
a well-mixed, thermally lumped system in which the rate of heating of the bed will be
proportional to the volume to surface area ratio. This ratio, for an infinite slab geometry,
is the thickness of the slab. Since the bed in a kiln at relatively small fill fractions can be
approximated as a stab, the rate of heating should be directly proportional to the bed
thickness. Further assum ing the heat transfer to the bed will directly influence the
evolution o f w aste, they conclude that the evolution interval should be directly
proportional to the bed thickness, and the experimental data do support this conclusion.
Based upon this, they scale all field- and pilot-scale data to the same equivalent bed
thickness (4.2 cm). Next, they contend that the evolution interval is a strong function of
temperature. Assuming that the evolution rate is proportional to the vapor pressure of the

46

contam inant, and assum ing the vapor pressure follows the Clapeyron equation, they
conclude that the natural log o f the evolution interval should be proportional to the inverse
of the absolute temperature as:

ln(E I)= 1 /T a b s

(2.12)

El = evolution interval (seconds)
Tabs “ absolute temperature
This temperature is the final temperature attained by the desorbing bed. In practice they
substituted the wall temperature of the pilot-scale kiln and the gas temperature in the fieldscale kiln. Finally the authors proposed that the evolution interval will be influenced by
the motion of the solids bed. Following the work of Henein et at. (1983a, 1983b), they
propose that the evolution interval should scale with the modified Froude number:

Fr’ = «u2R/gXD/dp)0.5

(2.13)

to = kiln rotation rate
R - kiln radius
g = gravitational acceleration
D = kiln diameter
dp = particle diameter
They summarize the scaling o f the evolution interval, once corrected to a reference bed
thickness, as:

I n f EICOrrected ) ~ function o f ( 1 / Tabs * f “r' )

(2.14)
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They then plot ln( Elcorrected ) against 1 / Tabs and draw lines of constant Fr' through
the data. The proposed relationships are clear with the pilot-scale data, while the trends
observed in the field-scale data are only qualitatively similar. The relatively sparse data
(only 4 data points for the field scale) contributes to the somewhat ambiguous results.
Considering the severe assum ptions m ade in the analysis, the results are surprisingly
good.
Crude relationships have existed for many years for scaling process rotary kilns
over relatively small size and performance ranges. More detailed scaling models have
been developed recently which appear to show good results over large size ranges,
however, much more work in this area is needed. Semi-empirical m odels for predicting
solids throughput in process rotary kilns have also existed for many years.

Flow

visualization and similarity have seen limited use in simulating the gas phase flow and
mixing.

Currently, no em pirical m odels exist which accurately predict rotary kiln

incinerator performance, particularly for intermittently fed containerized waste.

NUM ERICAL M ODELS
Helmrich and Schiigerl (1980) present a review of industrial rotary kilns and their
characterization. They discuss specific applications of rotary kilns, solids motion and
m ixing, heat and m ass transfer, m odels including chem ical reaction in the bed, and
process control.

They describe com m on applications of rotary kilns including the

production o f lime and cement, the processing of metal ores, and the processing of a wide
variety of other minerals. They distinguish between the axial and transverse directions
when discussing solids transport, solids m ixing, and heat transfer. They describe the
motion of solid particles in the various modes of bed motion, particularly slumping and
rolling motion, but do not give more than a qualitative description o f solids mixing. The
discussion o f heat transfer to the solids is identical to that of Lehmberg et al. (1977),
which assumes intermittent heat penetration into the bed and a gas film resistance between
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the bed and the wall.

In discussing m odels of rotary kiln reactors, they list the

simplifying assumptions employed by all kiln models then found in the literature. These
models are universally one dimensional, assuming complete mixing of gas and solids in
the transverse direction, and they always neglect axial m ixing and heat transfer in both
phases. They describe these lumped parameter models as being generally inadequate in
simulating the nonlinear behavior of the real systems, particularly during unsteady state
operation. On line com puter controls for rotary kiln reactors have met with very limited
success because it is very difficult to instrument the process properly and because suitable
mathematical models, particularly those describing chemical reactions in the rotary kiln
environment, are not available. The authors point out that developing such models and
instrumentation would be worthwhile efforts because for many processes there are no
reactors capable o f replacing rotary kilns, and their main disadvantages in other
applications are their inefficiency and temperature control difficulties.
Oran and Boris (1981) present a detailed review of m odeling o f com bustion
systems. They introduce the conservation equations for combustion systems and discuss
the general problem s associated with solving the equations. They cover some of the
terms of the equations in more detail and discuss behavior and problems with each type of
term. They discuss chemical kinetics, general hydrodynamics, and diffusive transport.
The authors present algorithm s for dealing with these coupled conservation equations.
They cover both supersonic and subsonic reactive flows. Finally, they discuss turbulence
and its influence on reactive flows. Detailed modeling is described as being based upon
fundamental conservation equations, white empirical modeling is primarily curve fitting of
experimental data, and phenomenological modeling is proposing equations that model
our intuition o f the process. The authors point out that even the best detailed m odels
contain empirical or phenomenological components. They discuss errors that may arise
from the approximate nature o f the governing equations or the approximate solution
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techniques. W ithout com m enting on how well current models work, they point to
solution methods and physical models as areas where improvements are needed.
Jones and W hitelaw (1982) focus on calculation m ethods for turbulent reacting
flows. They give the general conservation equations and discuss the numerical methods
used to solve these equations. They discuss models o f turbulence and combustion and
their implications. The authors conclude that the ability of numerical methods to solve
turbulent reacting flow problem s cannot be described by a general statement. They
provide some examples o f numerical predictions and experimental data that illustrate this
point. They do provide some guidelines for choosing combustion models and solution
methods for particular types of problems.
Jenkins and Moles (1981) present a phenomenological model that predicts gas and
refractory temperature profiles in a directly fired rotary kiln. The model is designed
specifically for a coal-fired rotary cem ent kiln. The authors use a zonal technique for
radiation heat transfer, and they characterize the gas with two gray spectral bands and one
clear spectral band. The emissivity of soot and dust in the system is also accounted for
with a three band model. The Nusselt number is predicted using an empirical correlation.
The authors lack a suitable method for predicting heat release distribution in the flame, so
they develop a method to calculate the heat release distribution based upon measured gas
concentrations in a field-scale cement kiln. They then predict gas temperatures and wall
temperatures and compare them to measured values. The results show relatively good
agreement, however the approach seems somewhat impractical as it requires difficult gas
concentration measurements to predict temperatures that can be more easily measured.
Clark et al. (1984) present a model for predicting the destruction performance o f a
pilot-scale liquid injection hazardous waste incinerator having an axisymmetric geometry.
The model uses a zone method coupled with a Monte Carlo technique to predict radiant
heat transfer. The flow pattern in the system is obtained by actual measurement or by
estimation using empirical correlations for specific burner types. A large number of
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possible paths through the system are evaluated using a M onte Carlo approach, and a
time/temperature history for each path is calculated. For each path, global kinetics for
waste destruction are applied, giving a fractional decom position for each path. These
results are then averaged over a large num ber of paths to get an average destruction
efficiency. The authors claim that the model correctly predicts trends in destruction
efficiency even though it may deviate from m easured values by several orders of
magnitude. Due to the poor agreement and the very sparse experimental data, the results
appear inconclusive.
W olbach and Garrnan <1984) present a model o f chlorinated hydrocarbon
incineration in pilot-scale liquid injection incinerator. In a model which is very similar to
that o f Clark et al. (1984), they em ploy empirical approximations of the flow field and
zonal heat transfer methods to the axisymmetric system. From these, a time-temperature
history for a given path through the system is determined, and simplified kinetic models
are applied to predict the waste destruction. The model is useful for determ ining the
sensitivity o f the system to various operational parameters, and it predicts the temperature
field in the incinerator very well. However, their predicted destruction efficiency for
carbon tetrachloride is two orders of magnitude lower than that measured experimentally.
They conclude that their non-flame mode kinetics model is at fault, and they estimate that
99% o f the actual carbon tetrachloride destruction must occur in the flame zone in the real
system.
Gillis and Smith (1988) present a three-dimensional non-reacting flow numerical
model developed to predict flow fields in industrial furnaces. The work is a product of
efforts aimed at modeling pulverized-coal combustion systems. The com puter code is
based upon the SIM PLE algorithm (Patankar 1980).

P redictions of the com plex

isothermal flow field are made for a wall fired furnace using three different turbulence
models, a variety o f inlet conditions, and different numerical grid spacings. The model
predictions are compared to experimental measurements obtained during cold flow testing
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of a pilot-scale furnace. Predictions using a standard

k -e

turbulence model showed much

better agreement with experimental data than did predictions assuming a constant eddy
diffusivity or a Prandtl mixing length model. The authors show that important features of
the flow are not distinguished if the grid is too coarse. The finest grid used in the study
consisted o f 102,375 nodes, and the solution remained dependent upon the grid selection.
Even considering this difficulty, agreement between the model and experimental data was
surprisingly good. Moderate changes in the specified inlet conditions showed relatively
large changes in the predicted flow field.
Smith, Sowa, and Hedman (1990) anticipate the ability of com prehensive coal
combustion codes to sim ulate practical system s realistically, and they present a design
methodology to minimize the com putational cost of the design process. The design
strategy is based upon statistical techniques in response surface m ethodology. The
designer selects a design space for the design variables to be adjusted. Response surface
methods are used to specify the particular points in the design space that are to be
simulated and the numerical model is run with the conditions specified at each point.
Statistical regression functions are then used to interpolate between the design points to
provide a response surface for each dependent variable. Since the method relies on very
few sim ulation data points, com puter time is greatly reduced.

A final num erical

simulation is performed at the optimum point seen on the response surfaces. If the results
of that simulation agree with the response surface predictions, the point is considered the
optimum; otherwise a new set o f design points is selected in a tighter region of the design
space around the prelim inary optimum. The authors describe a two-dim ensional coal
combustion code that includes mixing limited gas phase reaction, coal devolatilization
kinetics, and radiation heat transfer. They use this model within the framework of their
design methodology to optim ize two coal gasifier injector designs for m axim um gas
production and one coal com bustor burner design for minimum NO formation. In all
three cases the dependent variable at the optimum was within 1% of the value predicted by
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the response surface, dem onstrating rapid convergence to the optimum. The authors
point out that results obtained using this methodology will only be as good as the
com prehensive num erical m odel, and such m odels still have m uch room for
improvement.
Numerical models o f rotary kilns have been limited to steady-state operation with
many simplifying assumptions such as plug flow of the solids and gases. These models
tend to consist of one-dimensional differential equations, constituting phenomenological
mathematical models. Currently, no detailed numerical model of a rotary kiln incinerator
exists in the literature. Detailed numerical models have shown applicability in the study o f
coal-fired furnaces, although excessive use of com puter time and difficulty in validating
the predicted results have been obstacles to their use in the design process. Detailed
numerical models do show promise for eventually modeling waste incineration in rotary
kilns.
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CH APTER 4

FIELD-SCALE ROTARY KILN INCINERATIO N O F BA TC H -LO A D ED
TO LU ENE/SORBENT:

I.

DATA ANALYSIS AND

BED M OTION C O N SIDERA TIO NS

IN T R O D U C T IO N
The study o f hazardous waste incineration in rotary kilns is receiving increased
attention, especially as landfill restrictions are expanding to an ever broader range o f solid
waste m aterials. Also, as the regulations on hazardous waste incinerators become
increasingly stringent, predictive ability for the performance o f these systems, even in a
rudimentary sense, is needed. Because of the considerable com plexity of the process,
however, much rem ains to be learned.

As part o f our com prehensive study o f this

process at Louisiana State University, we have recently emphasized the need to broaden
the full-scale experimental data base. Such data are needed to provide insight into this
complicated process, for use in both model developm ent and validation, and in scaling
analyses (Lester et al. 1991). Initially, our field-scale efforts focused on obtaining
species and tem peratures at the exit of an industrial rotary kiln during quasi-steady
processing o f liquid carbon tetrachloride (C undy et al. 1989a, 1989b, 1989c).
Subsequent work focused on obtaining continuous gas and temperature measurements
during transient processing o f polyethylene packs containing clay sorbent charged with
toluene (Lester et al. 1990), xylene (Cundy et al. 1991a), and dichloromethane (Cundy, et
al. 1991b). These studies were performed on the rotary kiln incinerator operated by the
Louisiana Division o f The Dow Chemical Company at their facility in Plaquemine, La.
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The studies o f transient behavior have focused on characterizing the incinerability
of an aromatic and a chlorinated hydrocarbon in a rotary kiln environment. Toluene was
selected as the aromatic test liquid because it is comm only used as a surrogate waste
during trial bums in the permitting process, and because we have used it extensively in
bench- and p ilot-scale work (Cundy et al. 1989d; Lighty et al. 1989, 1990).
Unfortunately, Federal regulations precluded our use of toluene at the Dow facility after
the first experim ent; thereafter xylene was substituted.

Recent facility additions,

however, have allowed us to com plete our study using toluene. With the experience
gained from previous full-scale transient experiments, we have, in this most recent study,
been able to perform a much more detailed study of the Dow incinerator system. The
experimental variables and conditions have remained largely the same for comparison
purposes.

The experim ental procedures have been im proved, and the num ber of

continuous measurements has been greatly increased. The details o f this most recent
study, including descriptions of the instrumentation and the operating conditions studied
as well as some preliminary results, were presented in Chapter 3. Therefore, only a brief
summary o f the experimental methods will be presented here.

EX PER IM ENTAL M ETH O DS

Facility
The Dow rotary kiln incinerator in Plaquemine, La. is 3.2m in diam eter and
10.7m long, with a design firing capacity of 17 MW and 800°C outlet temperature. Gases
flow through the kiln exit plane, into a transition section, and then into the afterburner.
The afterburner has a design firing capacity of 7 MW, a design outlet temperature o f
1000°C, and a minimum residence time of 2 seconds. Gases flow from the afterburner
through a quench chamber, a series of wet scrubbers and wet electrostatic precipitators,
an induced draft fan, and a stack. F ig u re 4.1 shows a system schematic.
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* - indicates measurements from instruments that arc a permanent pan o f the facility

F ig u re 4.1 Schem atic of the Dow rotary kiln incinerator facility show ing the
measurements taken at each location.
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Experim ental C onditions
Polyethylene packs, each containing 18.9 liters of toluene on 22.7 kg of sorbent
(montm orillonite granules o f approximately 6 mm diam eter), were prepared by Dow
personnel before the experiments. Blank packs (sorbent only) were also prepared. One
pack was fed into the kiln every 10 minutes throughout the experiment; blank packs were
fed while changing operating conditions to maintain bed thickness in the kiln. Two
nozzles, located on the stationary kiln face, allow the injection of com pressed air (at
ambient temperature) into the kiln to promote turbulence, bulk mixing, and combustion;
we call this turbulence air. Continuous gas m easurements and gas tem peratures were
obtained during four different test modes: operation with and without the addition of
turbulence air and operation at two kiln rotation rates, 0.1 and 0.25 rpm. Table 4.1
gives the experimental test matrix that was used on the two consecutive days o f testing.

Table 4.1 Experimental test matrix for each day.

No. Packs

Contents

Samoling

4

Blank

None

Fast

Off

6

Toluene

Continuous

Fast

Off

3

Blank

None

Fast

Changing

6

Toluene

Continuous

Fast

On

3

Blank

None

Changing

On

6

Toluene

Continuous

Slow

On

3

Blank

None

Slow

Changing

6

Toluene

Continuous

Slow

Off

2

Toluene

Samole bomb

Slow

Off

* Fast - 0.25 rpm, Slow - 0.1 rpm

Rotation rate*

Turbulence air
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To the greatest extent possible, all operational parameters were held constant
during each test mode. These parameters included: kiln rotation rate, natural gas and air
feed rates to the kiln burners, and the turbulence air injection rate. Stack measurements,
taken by Dow personnel using EPA approved methods, verified that incinerator emissions
remained well within regulatory limits during the entire test period.

Sam pling and Instrumentation
As in previous studies (Cundy et al. 1989a, 1991a, 1991b), two water-cooled
probes were used to obtain gas samples and gas temperature measurements within the kiln
and afterburner. F igure 4.1 shows the probe sampling locations and the measurements
taken at each location.

Each probe is equipped with a radiation-shielded type K

therm ocouple at its tip.

The kiln probe, 7.8 m in length, was inserted through the

transition section and drew samples from near the kiln exit. Only two access ports were
available; one allowed the probe to reach a point in the upper half of the kiln, while the
other allowed the probe to reach a point in the lower half of the kiln. The locations of
these two sam pling points are shown in F ig u re 4.2, as calculated using a method
detailed by Montestruc (1989). The kiln probe was inserted into the upper access port on
the First day o f experiments (3 October 1990) and it remained there for the entire day. On
the second day (4 October 1990), the probe was inserted into the lower access port and
the experiments were replicated. The afterburner probe, 3.8 m in length, was inserted in
a different location from previous studies in an effort to sample from a better-m ixed
region o f the afterburner. Sample gases were drawn through each probe using an airdriven je t pump. These gases were cooled by passage through the probe and any
condensate was removed using a cyclone separator. The sample gases were next drawn
through a Teflon sample tube to a rotary sample pump, then passed through a paniculate
filter, a chiller, and another condensate trap. The dried sample gas was metered through a
flow controller into a series o f gas analyzers. All continuous data were recorded using

Omega® data acquisition packages on Macintosh SE® computers, at a frequency o f 1 Hz.
A more detailed discussion o f the instruments and sample treatment is given in Chapter 3.

Rotary Kiln
Burner

Kiln Exit Plane
(Section AA)

Section AA
Turbulence
Air Nozzle

3.2 m ID

1.4 m

Burners

Flow Through
Transition Section to
Afterburner

2.9 m
.5 m

j
I

1.7 m

10.7 m

Turbulence
Air Nozzle

Upper
Sampling
Region

Lower
Sampling

Region

F igure 4.2 Location of the two sampling regions near the kiln exit plane. The locations
are calculated to within ± 0.15 m. This diagram is not drawn to scale.

Along with these measurements, the readings of several Dow facility instruments
were continuously recorded during these experiments. Oxygen and CO concentrations in
the stack, temperatures in the kiln and afterburner, and pressures in the kiln feed end and
transition section were recorded. These locations are also indicated in F igure 4.1.
Measurement o f the temperature of the solids bed in the kiln was attempted using a
19 mm diameter heavy wall stainless steel tube supporting a 3.175 mm diameter stainless
steel sheathed type K thermocouple. This probe was not cooled and was inserted 1 m
into the kiln, where the thermocouple tip was immersed in the bed of solids. F igure 4.1
shows the location o f this probe.
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The sample gas from the kiln and afterburner probes could also be diverted into
one-liter glass sample bottles for later analysis using GC and GC/M S techniques. To
simplify the sampling procedure, these grab samples were not taken simultaneously with
the continuous measurements. Instead, during the incineration of a single pack at the end
o f each day, the continuous analyzers were disconnected and a series of grab samples was
taken from both the kiln and afterburner probes at predetermined intervals.
Chapter 3 contains the details o f this experimental study and the continuous record
o f the oxygen concentration m easured in the kiln, afterburner, and stack. These data
show the variation o f the transient oxygen concentration as a function of operating
condition at different locations within the system. Because the data were for individual
packs, differences from pack to pack under the same operating conditions could be
observed. These differences were seen to persist through the entire system. Comparison
between operating conditions was somewhat obscured by the variation o f individual pack
responses. Vertical stratification of the oxygen concentration at the kiln exit, however,
was readily observed and agreed well with previous transient studies (Cundy et al. 1991a,
1991b).

Although the baseline levels of oxygen were affected by the addition of

turbulence air to the system, it was unclear if the oxygen response of individual packs
was influenced by the turbulence air. W hether kiln rotation rate had any effect on the
oxygen response was also unclear
In this chapter, the data from all monitored channels are considered. The data are
averaged over several packs during each experimental condition to reduce the effects of
individual pack variations. These averaged data characterize the conditions at each
sampling location and demonstrate the influence of the kiln rotation rate and turbulence air
addition. In Chapter 5, mass balances will be performed on the data, the evolution rates
of toluene will be characterized, and the influence of bed motion on the evolution rates
will be discussed.
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Data Reduction
For these experiments, the independent variables were kiln rotation rate (0.25 rpm
or 0.1 rpm), and turbulence air addition (on or off)- An additional variable is the location
o f the sampling probe near the kiln exit (upper or lower sampling region). For each
combination o f independent variables, the system was allowed to equilibrate for at least
30 minutes while blank packs containing only sorbent were fed into the kiln. Then a
series o f 6 toluene charged packs were fed into the system , one every 10 minutes,
providing one hour o f data at that condition. The experim ental test matrix, shown in
T ab le 4.1, was duplicated on two consecutive days with the kiln sampling probe in the
upper kiln location on the first day and in the lower kiln location on the second day. All
other measurem ent locations remained the same; therefore, for all m easurements other
than those from the kiln probe, the experiment was replicated on the second day.
In the unaveraged oxygen data presented in C hapter 3, the effects of the
independent variables were difficult to discern from the variation of individual packs. The
same is true o f the other continuous variables in their unaveraged form. Thus, an average
response to a pack during each experimental condition is more useful for com parisons
because the variation between individual packs is averaged out while the primary features
of the data are retained. Also, since the ultimate goals of this work include performing
mass balances and characterizing toluene evolution rates for each experimental condition,
the use of averaged data reduces the individual pack variation in these calculations as well.
The procedure for ensemble averaging the data is discussed here and illustrated in
F ig u re 4.3. To generate an average transient response of a given data channel to a
single pack, an appropriate time base must first be generated. The time at which each
pack dropped into the kiln was recorded during the experiment. This time provides the
reference for the transient response of that pack, i.e., for each data point, the time relative
to the most recent pack insertion is calculated. Then the ensemble average o f the data for
each pack at the same relative time is calculated. F ig u re 4.3 shows exam ples of the

CC>2 data in the unaveraged form , the relative time based form , and the ensem ble
averaged form. The ensem ble averaging process tends to smooth the data, yielding a
result that is easier to compare between experimental conditions.
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F igure 4.1 CO 2 data as recorded, in the timebased form, and in the averaged form.

For the ensemble averaging process, the 95% confidence intervals about the mean
were calculated from the two-tailed Student t statistic as:

Confidence Interval = y t ± tn_i

( 4 .1 )

- the mean value o f the samples at time "i"
tn_l = the two-tailed student t statistic for n-1 degrees of freedom, a=^).025
yj

= the value of a sample at time "i"

n

= the number of samples to be averaged at time "i" (6, one for each pack)

E X P E R IM E N T A L R E S U L T S

A v erag ed C o n tin u o u s D ata
The averaged data are shown in F ig u res 4.4 through 4.18. Shown from top to
bottom are continuous measurements taken during fast kiln rotation rate with turbulence
air off, fast rotation rate with turbulence air on, slow rotation rate with turbulence air on,
and slow rotation rate with turbulence air off. In each of these figures, the single vertical
axis heading applies to all eight graphs. F ig u res 4.4 through 4.8 show the O 2 , C O 2 ,
gas temperature, CO, and total hydrocarbon data from the kiln. These figures include, on
the left hand side (LHS), measurements taken at the upper kiln exit location and, on the
right hand side (RHS), measurements taken at the lower kiln exit location.
In F ig u re s 4.9 through 4 .1 8 , the graphs on the right show experim ental
replicates o f the data on the left taken one day later. F ig u res 4.9 through 4.13 show
the O 2 , CO 2 , gas temperature, CO, and total hydrocarbon measurements obtained from
the afterburner probe. The O 2 and CO measured in the stack are given next in F igures
4 .1 4 and 4 .1 5 , follow ed by the bed tem peratures, the facility therm ocouple
tem p eratu res, and the facility p ressu res in F ig u r e s

4 .1 6 , 4 .1 7 , and 4 .1 8 .
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K iln (?2 * F igure 4.4
In the upper kiln (LHS), the m agnitude o f the oxygen response to the waste
containing packs is roughly the same regardless of operating conditions. In the lower kiln
(RHS), however, the response is considerably increased when the turbulence air is on.
The baseline oxygen values are very low in the upper kiln when the turbulence air is off.
The oxygen values are quite high in the lower kiln regardless of operating conditions.
The kiln rotation rate, over the range that was studied, appears to have little or no effect
on the oxygen responses.

Kiln CO2 - Figure 4.5
The addition of turbulence air lowers the overall levels of CO 2 in the upper kiln
(LHS) and increases the magnitude of the CO 2 response in the lower kiln. The levels of
C O 2 observed in the lower kiln are substantially lower than those in the upper kiln,
particularly with the turbulence air turned off. There is no clearly discernible effect of kiln
rotation rate on the measured CO 2 levels in the kiln.

Kiln Gas Temperature- Figure 4.6
The addition o f turbulence air lowers the overall gas temperature levels in the
upper kiln, and increases the magnitude of the temperature response. In the lower kiln,
the turbulence air does not clearly change the overall tem perature levels, but it does
increase the magnitude o f the temperature response. The gas temperatures in the upper
kiln (LHS) are much higher than those in the tower kiln. The kiln rotation rate appears to
have no effect on the kiln gas temperatures.

Kiln CO - Figure 4.7
In the upper kiln, relatively large am ounts o f CO were observed only during
operation with turbulence air off. The addition of turbulence air reduced the observed
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values

10

near zero. Very little CO was observed in the lower kiln under any conditions.

In the upper kiln with turbulence air off, it appears that the fast rotation rate caused a
greater CO response than did the slow rotation rate. However, it should be noted that the
CO concentration should be rather sensitive to oxygen levels, and the baseline oxygen
level was almost one percent higher during the slow rotation rate conditions. Since the
baseline conditions are not a result of the waste combustion and should be independent of
rotation rate, this difference in CO response may result from slightly different support
flame feed settings.

Kiln Total Hydrocarbons- Figure 4.8
Before discussing the total hydrocarbon (THC) data, an operational aspect must
be considered. T o prevent the loss o f hydrocarbons from the sample gas, the TH C
sample stream was split from the main sample stream before passing through the sample
chiller, secondary condensate trap, and desiccant dryers.

U nfortunately, excessive

condensation in the sample line extinguished the flame ionization detector on a few
occasions and greatly reduced the sample flow rate at other times. As a result, the kiln
THC data are generally suspect.

Note, however, that the instrument appeared to be

operating properly during the first set of data obtained in the upper kiln with turbulence air
off and fast kiln rotation rate. A substantial THC response was observed in that data,
corresponding with high CO levels observed at the same time. For slow rotation rate with
turbulence air off in the upper kiln, the TH C response is suspiciously flat even though
high CO levels were observed. This is probably due to the THC sampling problems
mentioned above. All the other operating conditions show low THC levels corresponding
to low CO levels. Although this seems reasonable, the sampling problems preclude
confirmation o f this observation.
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In considering the afterburner data and all data presented beyond this point, recall
that the two colum ns o f graphs represent experim ental replicates obtained on two
consecutive days. Only for the data taken with the kiln probe do these columns represent
different sampling locations.

Afterburner O j- Figure 4.9
For the afterburner data, one sees good reproducibility from one day to the next,
although the overall oxygen levels are about 1% higher on the second day. On both days,
the addition of turbulence air reduced the m agnitude of the oxygen response. Since
turbulence air addition is accompanied by an increase in overall gas flow rate, while the
amount o f toluene in the packs remains the same, the effect of pack combustion is diluted
by the increased flow. Kiln rotation rate has no apparent effect on the oxygen response.

Afterburner CO2 - Figure 4.10
The reproducibility o f the CO 2 data appears very good. Again, the addition of
turbulence air appears to dilute the response from a pack. There appears to be little
difference resulting from rotation rate.

Afterburner Gas Temperature * Figure 4.11
Overall, the afterburner gas temperature response appears to be quite reproducible.
It clearly shows the effect of opening the loading chute door for pack insertion into the
kiln. This is seen as the sudden drop in temperature at the end o f each curve, which
results from additional air entering through the kiln loading chute door during pack
loading. Sometimes, the temperature level is seen to return momentarily to the baseline
value after the door closes but before the pack begins to bum. Notice that the magnitude
of the effect due to the loading chute door is reduced when turbulence air is added. This
is also true o f the peak temperature response due to pack combustion. This is, in both
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cases, thought to be due to dilution by the higher gas flow under turbulence air addition.
Again, the kiln rotation rate seemed to have no effect on the measured variable.

Afterburner CO- Figure 4.12
The afterburner CO is plotted on the same scale as the kiln CO in Figure 4,7, as
this was the approximate range for which it was calibrated. In contrast to the kiln, very
little CO is seen in the afterburner under any conditions.

Afterburner Total Hydrocarbons- Figure 4.13
The THC analyzer used with the afterburner probe had the same operational
problems as the THC analyzer for the kiln probe. In addition, problems with the sample
flow rate caused a very long lag in the instrument response. This is seen in the data taken
on the first day, where some small THC spikes occurred approximately 200 seconds after
pack insertion. In general, these spikes were not repeated on the second day, so the data
should not be considered reliable.

H ow ever, the overall low levels o f TH C do

correspond to low levels of CO observed in the afterburner on both days.

Stack O2 - Figure 4.14
The stack oxygen response tends to be very smooth, with the minimum occurring
later than for kiln or afterburner measurements. The delay may be due to sample flow to
the stack oxygen analyzer or to the time required for the com bustion gases to flow
through the pollution control equipment. In either case, the effects of turbulence air
addition and kiln rotation rate are not discernible. One should note that the oxygen levels
measured in the stack generally match those measured in the afterburner, indicating little
or no air infiltration downstream of the afterburners in the pollution control equipment.
M easurements with turbulence air off on the first day are an exception, showing stack
oxygen levels approximately \% higher than those measured in the afterburner.
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Stack CO- F igure 4.15
In the stack we were able to monitor the two redundant facility CO analyzers, and
both are displayed simultaneously in the graphs. For the operating conditions in these
experim ents, the CO levels in the stack were so low that all we could observe was
instrument noise and calibration error. Some increase in the CO level is apparently due to
pack combustion; however, it is insignificant compared to the baseline drift and noise. In
all the graphs, the same instrument gave the higher readings.

Kiln Bed Temperature- Figure 4.16
The kiln bed tem perature m easurem ents presented here were m easured by a
thermocouple probe inserted axially through the kiln's front rotary seal and into the solids
bed. Unfortunately, even though the probe consisted o f a 19 mm diam eter heavy wall
stainless steel tube, it was bent substantially during the experiments each day. When one
considers the forces acting on the probe due to the drag of the sorbent bed and the
occasional pack bum ping into it, together with the high tem peratures, it is not too
surprising that the probe was bent. The data obtained, although somewhat erratic, bears a
strong resemblance to the gas temperature data obtained by the kiln probe. The "bed"
temperature is seen to drop off before a pack is loaded, as if it were measuring the effect
o f cold leak air entering from the loading chute door. As a result, we believe that the
thermocouple tip was protruding from the solids. This could not be verified visually
because a number o f steel lid-retaining rings from the plastic packs collected where the
end o f the probe should have been, as if they were hung on the probe tip. They may have
contributed to the bending o f the probe. No clear observations can be drawn from these
data, except that the temperatures measured with this probe may represent a very rough
measure of the bed and kiln wall surface temperatures in this general location.
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F acility T em peratures• F igure 4.17
Tw o facility thermocouples were monitored during these experiments. One was
located near the top o f the kiln exit in the transition section, while the other one was
located in the afterburner. Under all conditions, the afterburner thermocouple gave the
higher reading of the two. One immediately notices the smooth, gentle response of each
therm ocouple, punctuated by sm all discontinuities, generally at tim e zero.

The

discontinuities are an artifact of the averaging process and show up whenever the
continuous data begins or ends. This is caused by the temperature at the beginning of the
first pack being slightly different from the temperature at the end of the last pack, causing
adjacent averaged values to be slightly different. The same discontinuity presumably
occurs in the other ensemble averaged data, but it is such a small effect that it is obscured.
The facility thermocouple responses are very smooth and sinusoidal compared to
the gas tem perature responses m easured by the kiln and afterburner probes.

One

explanation for this smooth response is that each facility thermocouple is inside a heavy
wall 19 mm Monel thermowell, resulting in fairly long thermal time constants. A second
explanation is that neither thermowell is radiation shielded. At the temperatures indicated,
radiation heat transfer between the refractory walls and the thermow ell may be the
dominant mode o f heat transfer. If this is the case, then the thermocouples are indicating
the rise and fall o f the refractory surface tem perature in the region around the
thermocouple. The refractory itself has a long thermal time constant, thus the measured
response will be slow and gradual, as was observed.

In the afterburner where the

temperatures are higher, the refractory to thermowell radiation exchange should be even
more dominant. Indeed, the afterburner temperature response is very small in magnitude
and it lags the pack insertion considerably more than does the kiln exit tem perature
response.

The tem perature m easured by the afterburner therm ocouple is alw ays

substantially lower than the gas temperature measured by the afterburner probe, again
consistent with radiation heat exchange with the refractory walls. The tem perature

106

measured by the kiln-exit thermocouple is substantially lower than the gas temperature
m easured by the kiln probe in the upper kiln exit region. This may be due to the
radiatively cool ash quench area below the facility thermocouple acting as a radiant heat
sink, or it may be due to a non-homogeneous temperature field at the kiln exit. Overall,
the temperatures measured by the facility thermocouples are remarkably repeatable, and
the overall tem perature levels do not vary in response to the experim ental conditions.
This is expected because the input air and gas flow rates were set to provide the same
temperature for each operating condition.

Facility Pressures - Figure 4,18
The facility pressure transducers at the feed end of the kiln and in the transition
section were m onitored, and both are presented in the figure. The transition section
pressure is always the higher o f the two. The data appear noisy com pared to the other
monitored variables, even though they have been ensem ble averaged like all the other
data. The responses measured at each end of the kiln by different pressure transducers,
even after averaging, show almost exactly the same ’noise'', to the smallest fluctuation.
'This would be unlikely if the fluctuations were originating in the instruments, so these
rapid pressure fluctuations are evidently present in the kiln and are not instrument noise.
One prom inent feature of the pressure response is the dramatic rise before pack
insertion associated with air leaking through the loading chute. One may notice that the
pressure is som ew hat m ore erratic during the first
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to

200

seconds after pack

insertion. This may be the result of toluene combustion in the kiln. It is important to note
that the toluene combustion did not cause a net pressure rise of the sort that could lead to a
positive pressure excursion. Finally, since the pressure was a controlled parameter, it
shows little variation across operating conditions and is very repeatable.
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G as C hrom atographic Data
The gas chromatographic (GC) methods used in these experiments are identical to
those used in previous experim ents (Cundy et al. 1991b; M orse et al. 1991).

The

sampling procedure is slightly modified. The gas stream from the sampling probe in the
kiln is drawn through a one liter glass sampling bomb with teflon stopcocks. The bomb
is purged with the sample gas for approxim ately 30 seconds, then the stopcocks are
closed, isolating the sample. A second sample bomb is then purged and filled, and so on
for a total of 6 samples all obtained in series during the combustion of a single pack. The
sample bombs are contained in boxes o f 3 bombs each, so between the third and fourth
samples the lines are disconnected from one box and connected to the next. Samples
were taken in the same fashion from the afterburner probe simultaneously with the kiln
samples. The continuous monitors were used for the first
condition and then were disconnected.

6

packs during that operating

The grab sam ples were taken im m ediately

afterward, during the seventh pack under the same operating condition. Because of time
constraints, grab samples were obtained only during slow rotation rate with no turbulence
air addition. The samples were obtained at the end of the experim ent on both days and
were immediately transported to the laboratory and analyzed within several hours.
The results o f the G C sample analyses are shown in F ig u re s 4.19 through
4 ,22.

The G C m ethods quantified N 2 , O 2 , C O 2 . CO, CH 4 , C 2 H 2 , C 2 H 4 , C 2 H 5 ,

C()H6 ’ ar>d C 7 H 8 . The hydrocarbon concentrations measured by the GC were multiplied
by the num ber of carbon atom s in each species and then summed to give a total
hydrocarbon measurement in methane equivalents. The GC data are plotted as a function
o f sample time together with the averaged continuous data obtained on the same day for
the same operating condition. In these figures, the 95% confidence intervals are included
for the continuous data to show the variability of the continuous data for each pack.
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Upper Kiln GC D ata - F igure 4.19
The graph o f oxygen in the upper kiln shows good agreement between continuous
data and the first three GC data points, but poor agreement for the next three data points.
The same behavior is seen for the CO 2 data. The questionable GC samples are all from
the second box o f three sample bombs.

It appears likely that an air leak occurred

somewhere in the connection o f the second sample box, causing the last three samples to
be diluted with air. The third graph shows the CO data and again there is very good
agreement with the continuous data. The last three data points in this graph apparently
show that the CO concentration was very low already, so the effect of sample dilution is
not evident. The total hydrocarbon response is shown in the fourth graph. While the
continuous THC analyzer showed little or no response, the G C samples clearly show a
large response based upon the first three data points. From this we conclude that the kiln
THC analyzer was in fact m alfunctioning during that operating condition. This means
that large amounts o f hydrocarbons were present in the upper kitn during both fast and
slow kiln rotation rates when the turbulence air was turned off. This corresponds with
the high CO levels that were present during these operating conditions. The hydrocarbon
species measured in the upper kiln showed that methane was predominant, and no toluene
was detected.

This is consistent with results obtained during processing of xylene

(Cundy et al. 1991a).

Lower Kiln GC Data • Figure 4.20
In the lower kiln, the first three oxygen data points agree fairly well with the
continuous O 2 data, although the second data point is below the continuous data. Since
the low value is backed up by a correspondingly high CO 2 data point and no likely
mechanism exists to cause this type of error in the GC samples, we accept it as a valid
measurement. The fourth data point (at 210 seconds) appears to be too high; this sample
was probably diluted by an air leak. The last two data points seem unaffected. The CO 2
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data shows reasonable agreement for the first three data points, while the second three
data points are low. We suspect that the second box o f three samples had an air leak.
The CO data agree well, all registering low levels. The first three TH C data points
indicate a small spike in the hydrocarbon concentration that was not registered by the
continuous TH C analyzer.

Again one may conclude that this analyzer w as not

functioning at that time. The GC analysis showed small quantities o f toluene in these
samples, and relatively low concentrations of methane. Again these m easurements are
consistent with those obtained during xylene experiments (Cundy et al. 1991a).

Afterburner GC Data on 3 October 1990- Figure 4.21
In the afterburner on the first day o f experiments, the O 2 , CO 2 , and CO data agree
fairly well, except perhaps the data point at

210

seconds, which could again be

contam inated with an air leak. The THC data show an interesting behavior; the G C
registered elevated levels of hydrocarbons at 30 seconds while the continuous analyzer
registered sim ilar levels at 200 seconds.

The continuous analyzer was apparently

operating properly and registering the correct concentrations; however, the sample flow
rate was evidently reduced, causing a three minute delay time before the sample reached
the analyzer. This reduced flow rate could be attributed to the already long sample line
and build up o f condensate interfering with the flow controlling rotameter.

Afterburner GC Data on 4 October 1990- Figure 4.22
On the second day of experiments, the afterburner O 2 and CO 2 data again show
very good agreement. The CO analyzer shows no response due to pack combustion, as
do the GC samples. Both the GC and the continuous THC analyzer indicate low levels of
hydrocarbons and little or no response from pack combustion.
Overall, although there were problem s with some o f the GC sam ples and with
sample conditioning for the THC analyzers, the data agreement is generally very good.
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The confidence intervals show that the data, particularly the O 2 and CO 2 responses, were
quite repeatable from pack to pack. Considering the difficulties inherent in this type o f
study in the field, the overall quality of the data is thought to be quite good.

D ISC U SSIO N O F R ESU LTS
This set o f experim ents was designed to be experim entally sim ilar to earlier
experiments that were conducted using packs of xylene and dichloromethane (Cundy et
al. 1991a, 1991b). The only major differences were to be the use o f toluene and the more
extensive instrumentation and data acquisition in the latter experiments. Data taken during
the xylene experiments and these toluene experiments should be similar because the two
compounds are quite similar in their combustion properties. The stratification between the
upper kiln exit and lower kiln exit is seen with both toluene and xylene, as well as during
all other experimental studies on this system (Cundy et al. 1989a, 1989b, 1989c, 1989d,
1991a, 1991b).

The changes associated with the introduction o f turbulence air,

particularly the dilution effect and the effect on CO and THC in the upper kiln, were also
seen during the xylene experiments.
During the xylene experiments, rotation rate was seen to have a substantial effect
on the response to a pack in the kiln. The faster rotation rate was associated with greater
magnitude and shorter duration responses for all the measured variables. This effect was
totally absent during the toluene experiments. In addition, the xylene experim ents often
yielded multiple-peaked responses from each pack. The toluene data showed no such
tendency for multiple peaks and, in fact, tended to show a very repeatable response
characterized by a rapid peak in the measured variable followed by a gradual decay.
Clearly a difference between the toluene and xylene experiments affected the way
in which the waste evolved from the sorbent and thus affected the dependence o f
evolution rate on kiln rotation rate.

O bservations o f the video taken during the

experiments have pointed to differences in bed motion as the cause of the difference in
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evolution rates. The bed motion during the xylene experiments could be characterized as
slumping motion. In this motion regim e, solids interm ittently tumble down the free
surface o f the bed, and then follow the wall in a layer below the surface before
reemerging to tumble across the surface again. This motion causes the solids to mix, and
each part of the bed is repeatedly exposed at the surface. During the toluene experiments,
however, the bed exhibited a slipping motion. With this type of motion, the entire bed
slips relative to the wall, and it moves as if it were a solid piece, with the same particles
rem aining on the surface. In this type of bed motion, the solids mix very slowly. The
reason for the different bed motions in the two sets o f experiments is not entirely clear.
The packs were identical except for the type of liquid contaminant added to each, they
were fed at the same 10 minute intervals, and the kiln was rotated at the same rates. This
should have resulted in the same type o f bed motion.
The bed motion is, among other things, dependent upon the roughness o f the kiln
wall. Since the kiln wall refractory is usually coated with a layer of hardened slag o f
variable thickness and texture, it is quite possible that the surface was smoother during the
toluene experiments, resulting in the slipping motion. Another possible influence is the
presence o f the bed thermocouple probe during the toluene experiments. Some of the
steel lid retaining rings were observed collecting in the area of the probe. If these rings
were actually looped over the end o f the probe, as we suspect, the probe could have held
the conglomeration of barrel pack rings and sorbent together. This would have given the
bed some structural integrity, causing it to slip as a whole rather than mixing and
slumping. Even the drag o f the thermocouple probe alone may have triggered slipping
before the bed could rise high enough for a slump to occur.
The presence o f slipping motion of the bed during the toluene experiments at first
appears unfortunate. Our previous work has led to a scaling model for predicting waste
evolution based upon measurements taken in a system of a different size (Lester et al.
1991). The scaling model was lacking in the area of field-scale data; these toluene
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experim ents were to provide additional field-scale data for use in testing the scaling
analysis. Unfortunately, these data cannot be used because the scaling analysis requires
similarity o f bed motion. There may be a serendipitous side to this story, however.
First, the bed motion was most likely influenced by the tem perature probe, although
unintentionally, even though all other parameters remained the same. This opens up the
possibility that the bed motion may be intentionally modified by inserting fixed structures
into the bed, allow one to control the bed m otion and the resulting m ixing and
contaminant evolution characteristics. Second, we now have data obtained under similar
experimental conditions with similar contaminant species (xylene and toluene), the only
difference being the m otion exhibited by the bed.

This is an opportunity to make

comparisons and determine the effects o f bed motion on contam inant evolution in more
detail. These comparisons will be made in Chapter 5.

SU M M A R Y AND C O N C L U SIO N S
A detailed study of unsteady conditions inside the field-scale rotary kiln
incinerator operated by the Louisiana Division of The Dow Chemical Company has been
successfully accomplished. Experience gained during earlier studies and the use of more
extensive instrumentation has provided a clearer picture of the processes occurring within
the incinerator and through the entire system. In this chapter, the ensemble averaged data
for each monitored variable are presented as a function o f experimental conditions. A list
of the conclusions that are drawn from this averaged data follows:

• The bed motion during these experiments was observed to be in the slipping
regime, in contrast to the slumping bed motion seen in earlier experiments
under similar conditions.

117

• Vertical stratification in the kiln is observed in the O 2 concentrations, C O 2
concentrations, and gas tem peratures m easured there. The upper kiln is
characterized by lower O 2 , higher CC>2 , and higher gas temperatures.

•

The addition o f turbulence air tends to reduce the m agnitude o f the
stratification observed in the kiln.

■ Substantial amounts o f CO are observed only in the upper kiln and then only
during operation with no turbulence air.

• Kiln rotation rate, over the range studied, appears to have no effect on any of
the measured variables. This is thought to be a result o f the slipping bed
motion observed at both rotation rates during these experiments.

■ The addition o f turbulence air reduces the magnitude o f responses to a pack
measured in the afterburner and stack, apparently through dilution of the
toluene combustion products by the higher gas flow rates.

•

Reproducibility o f data in the afterburner and stack is quite good.

No

replicate measurements were taken in the kiln.

■ The continuous gas species measurements in the kiln and afterburner agree
well with gas chrom atographic analyses of grab sam ples from those
locations.

• The measured bed tem peratures presented here are probably not accurate
because o f uncertainty in the location of the thermocouple tip; however, they
may be a rough measure of the bed and kiln wall surface temperatures.

• The temperature responses to pack com bustion measured by the facility
thermocouples are sinusoidal, and very smooth in contrast to the measured
gas temperatures. Large thermowells and lack of radiation shielding on the
facility thermocouples appear to explain the discrepancy.

The data presented in this chapter are used to calculate toluene evolution rates and
perform mass balances, which are presented in Chapter 5.

C H A PTER 5

FIELD -SC A LE ROTARY KILN INC IN ER A TIO N O F BA TC H -LO A D ED
TO LU EN E/SO R BEN T:

II.

M ASS BA LA N C E S, EV O LU TIO N RATES,

AND BED M OTION C O M PA R ISO N S

IN T R O D U C T IO N
An extensive study o f an industrial scale rotary kiln incinerator is being conducted
by a team o f researchers from Louisiana State University and the University of Utah. The
focus o f the study is a 17 MW rotary kiln incinerator operated by the Louisiana Division
o f The Dow Chemical Company, in Plaquemine, La. This facility has been described in
several previously reported studies (Cundy et al. 1989a, 1989b, 1989c, 1989d, 1991a,
1991b). The experimental details of the current study, as well the entire data set obtained
during this study, were presented in Chapters 3 and 4. In these experim ents the kiln
rotation rate was either 0.1 rpm or 0.25 rpm (slow or fast, respectively), and the kiln was
operated with or without the addition o f turbulence air (compressed air injected in the
front o f the kitn to induce mixing and swirl). The four experim ental conditions (fast,
turbulence air off; fast, turbulence air on; slow, turbulence air on; slow, turbulence air
off) were repeated on a second day of testing. During each experimental condition, six
plastic packs containing toluene-contaminated clay sorbent were incinerated, one every ten
minutes. The transient responses measured throughout the incinerator system for the six
packs were ensemble averaged to produce an average response for a single pack under
each operating condition. These averaged responses are presented in Chapter 4.

119

120

In previous studies (Lester et al. 1991; Cook et al. 1992) continuous gas analyzers
were used to monitor conditions only at the kiln exit. Contaminant evolution rates and
m ass balances w ere perform ed using these data, although some very restrictive
assumptions were necessary. The primary difficulty was the use of measurements from
only two points at the kiln exit to predict the overall species flow rates, even though large
gradients in species concentrations and temperature are known to exist there. A system of
w eighting factors w as developed to assign a fraction o f the overall flow to the
concentrations measured at each probe location. Using these methods, mass balances
obtained during operation without turbulence air were quite good. W hen turbulence air
was added to the system, however, the mass balances were not as good.
From the previous work it became clear that measurements taken at the kiln exit,
although informative, were not sufficient for calculating contaminant evolution rates and
closing mass balances without making gross assumptions. The poor mixedness of the
gas stream at the kiln exit does not allow one to calculate accurately the total flow rate of a
species without m easuring both the species concentration and the gas velocity at
numerous locations over the exit cross section. Otherwise, only gross assumptions about
the species and flow distribution can be made. The need for better data with which to
calculate contaminant evolution rates was one of the motivations for adding continuous
measurements of O 2 and CO 2 in the afterburner and O 2 in the stack. The assumption of a
well-mixed gas stream characterized by a uniform concentration of each gas species seems
much more realistic at these locations. Measurements taken at a single location can then
be used to calculate contaminant evolution rates and close mass balances without resorting
to com plicated weighting factor schemes. Thus, the techniques used in this work are
similar to those used in the previous mass balance work, except for the use of different
monitored variables and less restrictive assumptions.
In this chapter, the averaged data from Chapter 4 are used, together with metered
air and natural gas flow rates, to calculate the average air infiltration rates and the time
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dependent toluene evolution rates. Using these results, mass balances are performed and
the characteristic times for toluene evolution are determined. The first step in this process
is to determine the baseline O 2 and CO 2 concentrations in the afterburner and the baseline
O 2 concentration in the stack. These, together with the metered natural gas and air flow
rates into the system, are then used to calculate the rate of air leakage into the system. The
total air and natural gas flow rates, together with the stoichiometric equation for methane
and air combustion, are used to calculate the total flow rate of combustion gas through the
system (from the afterburners to the stack). Then, using the combustion stoichiometry of
toluene and air, and the deviation o f the O 2 and CO 2 concentrations from baseline, the
time resolved toluene combustion rates are calculated. Integrating the toluene combustion
rate over tim e, a m ass balance on toluene is perform ed for the system.

Using the

cum ulative toluene evolution curve, a characteristic time for the evolution process is
determ ined. The toluene evolution rates are compared to the xylene evolution rates
obtained by Lester et al. (1991), and the differences, presumably caused by the different
types o f bed motion, are discussed. Finally, the conclusions of this work are summarized

BA SELINE FLOW RATE DETERM INATIO N
The first step in calculating toluene evolution rates and performing toluene mass
balances is to establish the gas flow rates in the system. Incinerator systems operate at a
slight vacuum to prevent fugitive em issions; this causes unm etered air infiltration.
Because air leakage into the system is not known explicitly, the flow rates m ust be
established from experimental measurements of the baseline combustion products. The
term "baseline" refers to the steady conditions existing in the incinerator system without
any contaminant or pack combustion. The baseline levels of CO 2 and O 2 measured in the
afterburner and stack are produced only by the natural gas and air introduced into the kiln
and afterburner. Even when com bustion o f toluene perturbs these concentrations, they
return to the baseline levels before the next pack is inserted. F igure 5.1 shows a typical
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ensemble averaged CO 2 trace from the afterburner. The peak in C O 2 attributed to toluene
combustion is seen, as well as a drop in CO 2 mole fraction below baseline shortly before
the combustion begins. This drop in CO 2 corresponds with the opening of the loading
chute door in the kiln to insert the pack, and the resulting inrush o f leak air above the
baseline flow rate. Although a double door system is used during the loading process,
the seal is imperfect. The CO 2 mole fraction approaches the baseline level before the
loading chute door is opened, and it is seen to resume momentarily the baseline value after
the loading chute door closes, but before toluene combustion begins. For this work, the
baseline mole fraction o f CO 2 or O 2 is the average of the values exhibited immediately
before the loading chute door opens and immediately before pack combustion begins.
This value is determined by first graphing the data, drawing a best estimate horizontal line
through the data immediately before and after the loading chute door perturbation, and
reading the coordinate of this line from the vertical axis in terms of mole fraction. This
line and the corresponding value are also shown in F ig u re 5.1. Although this is a
manual procedure, it is the most reliable method available and it is not entirely arbitrary
thanks to the presence of the loading chute door perturbation that is used as a marker.
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F ig u re 5.1 Typical averaged C O 2 response curve showing im portant features and
baseline. This data was obtained in the afterburner on 3 October 1990 during fast rotation
rate, no turbulence air addition.
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The following assumptions are made in determining the baseline air leak rate and
the total flow rate:

1.

The natural gas is assumed to be pure CH 4 .

2.

The CH 4 undergoes com plete combustion with air, providing baseline levels of
O 2 and CO 2 against which transients due to toluene combustion can be measured.

3.

Combustion of all toluene in a pack is completed before the next pack is inserted
600 seconds later, so that baseline O 2 and CO 2 concentrations may be estimated at
the beginning and end of each transient response.

4.

No air leakage occurs downstream o f the afterburner sampling location.

5.

Metered air and natural gas flow rates, together with the calculated air leak rate,
yield a total flow rate that is constant under baseline conditions. This assumption
is known to be incorrect when the loading chute door is open; however, neither
baseline values nor toluene evolution rates are calculated during that period of
time.

6

.

The flow at the afterburner and stack locations is homogeneous with respect to the
C O 2 and O 2 concentrations under baseline conditions. Thus, the measured
concentrations are representative of the entire flow at these locations.

The following is a derivation of the equations used for calculating the baseline air
leak rate and the total flow rate, and the terms are defined in the glossary.

The

stoichiometry for complete CH 4 combustion with oxygen is given as:

CH 4 + 2 0 2 --«> C 0 2 + 2 H 2 O

(5.1)

The combustion process for the kiln and afterburner together, under baseline conditions,
may be represented by the following stoichiometric equation:
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MC H 4 CH 4 + (Mgjf + ^leak){0-208O 2 + 0.792N2) — >
McH 4 C 0 2 + 2MCH4 H20 + (Mair + Mieak)(0.20802 + 0.792N2 ) - 2 1 ^ ^ 0

2

(5.2)

The total molar dry flow rate after the combustion process is obtained from the right hand
side of equation (5.2) by summing all coefficients except that for H20 to yield:

M diy flow = ^ a i r + ^ le a k ‘ ^C H 4

(5.3)

The dry flow rate is o f interest because the instruments used to measure the CO 2 and O 2
concentrations required dry gas samples. From the stoichiometric coefficient for the C 0 2
produced in equation (5.2), and using equation (5.3) for the total m olar flow rate of
products, the mole fraction of CO 2 in the products on a dry basis is:

ICO2 I = M cH 4/(Mair + Mieak - m CH4>

f5 -4 >

Here the bracketed species, [CO 2 I, indicates dry mole fraction. Solving equation (5.4)
for the air leak rate yields:

Mleak = MCH4 <1 + 1 / |C 0 2 I l- M a ir

(5.5)

An alternative approach for determining the air leak rate is to solve equation (5.2) in terms
o f the O 2 mole fraction on a dry basis. The result is:

[ 0 2 ] = « M air + M,eak >0.208 - 2 1 ^ ^ ) / ( M ^ + Mleak - MCH4)

Equation (5.6) is then solved for the air leak rate as:

(5.6)
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Mieak = MCH4 (2 - {02 1 ) / (0.208 - (O 2 I ) - Mair

(5.7)

Equation (5.5) may be used to calculate the baseline leak rate of air using metered
flow rates and the baseline C 0 2 mole fraction measured at the afterburner. Equation (5.7)
will also yield the baseline leak rate of air; it can be applied using either the baseline 0 2
mole fraction measured in the afterburner or measured in the stack. Regardless of the
method used to calculate the leak rate of air, equation (5.3) gives the total dry molar flow
rate through the system at either the afterburner sampling location or the stack.
T a b le 5.1 shows the m etered air and natural gas flow rates, as well as the
measured baseline mole fractions of C 0 2 and 0 2 at the afterburner and stack, for each
operating condition and date. In the table, the experimental conditions are abbreviated, so
that the condition o f "fast kiln rotation rate with turbulence air off on 3 O ctober 1990"
becomes "Fast Off 3". Notice that when the turbulence air is on, the natural gas flow rate
is increased, and the m etered air flow (which includes both the burner air and the
turbulence air) is also increased. This increase in natural gas input is required to heat the
added cool turbulence air to maintain the system operating temperature according to the
facility thermocouple located at the kiln exit. The values given in T a b le 5.1 are those
necessary to solve for leak air flow rates using equations (5.5) or (5.7).
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T a b le 5.1 Natural gas and air flow rates, and measured baseline mole fractions o f O 2
and CO 2 as a function o f experim ental conditions (fast or slow kiln rotation rate,
turbulence air on or off, data taken on 3,4 October 1990).
Experimental
Condition
Fast Off 3
Fast Off 4
Fast On 3
Fast On 4
Slow O ff 3
Slow O ff 4
Slow On 3
Slow On 4

Natural C»as
MCH4 *

Metered Air
Mair*

|0 2 l* *
Afterburner

[CO 2 ]**
Afterburner

840
870
1060
1060
870
860
1060
1050

4200
4480
6610
7450
3920
4480
6570
7450

0.123
0.130
0.133
0.136
0.116
0.125
0.132
0.137

0.050
0.045
0.043
0.044
0.053
0.049
0.039
0.040

703“
Stack

■

0.132
0.127
0.134
0.136
0.127
0.127
0.134
0.135

•Standard cubic meters per hour. To obtain kmol/s, multiply by 1.24E-5.
••M easured baseline mole fraction

The leak air flow rate calculated using each approach, and the resulting total flow
rate using each leak rate, are shown in T ab le 5.2. These total dry flow rate calculations
are based upon:

(1)

leak rate estimated from baseline afterburner O 2 mole fraction

(2)

leak rate estimated from baseline afterburner CO 2 mole fraction

(3)

leak rate estimated from baseline stack O 2 mole fraction

(4)

total flow rate correlated from pressure across the induced draft fan at the stack

Observe that the calculated leak rates are very large; for operation with turbulence air off
the leak air flow rate averaged 3.5 times the metered air flow rate, white for operation
with turbulence air on the ratio is 2.8. The total dry flow rates calculated from the three
leak air flow rates agree rather well; however, the dry flow rate measured across the
induced draft fan, even after correction for density and moisture, is generally higher.
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T a b le 5.2 Leak air flow rates and total dry flow rates o f com bustion products as a
function o f experimental condition and calculation method.
Experimental
Condition

Calculated Leak Air Flow
^leak*

Fast O ff 3
Fast Off 4
Fast On 3
Fast On 4
Slow Off 3
Slow Off 4
Slow On 3
Slow On 4

AB1
02
14300
16200
19600
20000
13900
14900
19300
20300

AB<=
co2
13500
15600
19200
17700
13300
13800
21200
20000

Stack 3
02
16300
15500
20000
19800
16100
15500
19900
19500

Calculated Total Dry Flow
H liy flow*

Measured
Dry FIow^

Stack3
02
19700
19100
25600
26200
19200
19100
25400
25900

Mdry flow*

ABl
02
17700
19900
25100
26400
16900
18600
248(H)
26700

AB 2
CO 2
16900
19200
24700
24100
16300
17500
26700
264(H)

15300
24900
29800
30500
25000
25400
29600
30700

^Standard cubic meters per hour. To obtain kmol/s, multiply by 1.24E-5.
1) based upon baseline afterburner O 2 mole fraction
2) based upon baseline afterburner CO 2 mole fraction
3) based upon baseline stack O 2 mole fraction
4) total dry flow rate correlated from pressure rise across the induced draft fan

T O L U E N E E V O L U T IO N R A T E S
Once the total flow rates and baseline values for O 2 and CO 2 concentrations have
been established, the rate o f toluene combustion as a function of time may be calculated.
The following additional assumptions are necessary before proceeding:

1.

The toluene undergoes com plete com bustion, form ing C O 2 and H 2 O, and
consuming O 2 . Concentrations of incomplete com bustion products such as CO,
hydrocarbons, and soot are negligible.

2.

The perturbation of the m easured C O 2 and O 2 m ole fractions caused by
combustion of the plastic pack is negligible (Chapter 3).

3.

The flow at the afterburner and stack locations remains homogeneous with respect
to the CO 2 and O 2 concentrations during the combustion o f toluene in the kiln.
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4.

The combustion o f toluene has only a negligibly small effect on the dry gas flow
rate at the afterburner and stack. In other words, the flow rates calculated from
baseline conditions remain representative during the combustion of toluene (Cook
et al. 1992).

5.

There is no delay between the evolution o f toluene from the sorbent and its
subsequent com bustion, m aking the evolution rate of toluene equal to the
calculated rate o f toluene combustion.

The rate of toluene combustion can be calculated from the measured response of
the CC>2 mole fraction in the afterburner or the O 2 mole fraction in the afterburner or the
stack. The deviation of the CO 2 or O 2 concentrations from baseline values represents the
effect o f toluene combustion. The stoichiometry for complete toluene combustion is:

C7Hg + 902 —

?c o 2 + 4H2 °

<5-8 >

Thus for every mole o f toluene com busted, 7 moles of CO 2 are formed and 9 m oles of
O 2 are consumed. On the basis o f measured CO 2 mole fraction, we can then express the
toluene combustion rate (in kmol/s) as:

MC7 H8 = 7 (IC 0 2 ] -lC 0 2 W i inc)

flow / 3600

(5.9)

Similarly, the toluene combustion rate based upon measured O 2 mole fraction is;

^ C 7 Hg

9 ([0 2] "|02lbaselme) ^dry flow / 3600

(5.10)
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Note that since the CO 2 and O 2 concentrations were measured as a function o f time,
equations (5.9) and (5.10) can be applied to give toluene evolution rates as a function of
time.
As seen in Table 5.2, there are four ways to obtain the total dry flow rate
(calculation based upon measured afterburner CO 2 mole fraction, calculation based upon
measured afterburner O 2 mole fraction, calculation based upon measured stack O 2 mole
fraction, and direct m easurem ent from pressure drop across the induced draft fan).
Similarly there are three ways to calculate the toluene evolution rate (based upon the mole
fraction response o f the afterburner CO 2 , afterburner O 2 , and stack O 2 ) once the total dry
flow rate is specified. This yields 12 possible com binations o f flow rate and species
response to calculate toluene evolution rate. To reduce the number of combinations, the
flow rate and species response methods were grouped in a logical manner. The same data
that were used for the total dry flow rate calculation were also used for the toluene
evolution rate calculation. Ultimately, four toluene evolution calculation approaches were
compared. They are:

(1)

The dry flow rate, obtained from equation (5.7) using the baseline afterburner O 2
mole fraction, is used in equation (5.10) together with the response o f the
afterburner O 2 mole fraction to obtain the toluene evolution rate.

(2)

The dry flow rate calculated using equation (5.5) from the afterburner CO 2
baseline mole fraction is used in equation (5.9) to obtain the toluene evolution
rate.

(3)

The dry flow rate, obtained from equation (5.7) using the baseline stack C>2 mole
fraction, is used in equation (5.10) together with the response o f the stack O 2
mole fraction to obtain the toluene evolution rate.
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(4)

The dry flow rate from the induced draft fan measurem ent is used in equation
(5.10) together with the stack O 2 mole fraction response to give a fourth estimate
of the toluene evolution rate.

Figure 5.2 shows the resulting toluene evolution rate calculated using method
( 1 ) from the CO 2 mole fraction curve shown in Figure 5.1. The toluene evolution rate
is normalized by the total amount of toluene initially present in a pack. Notice that the
time dependent toluene evolution rate curve is directly related to the CO 2 mole fraction
curve. Very similar results are obtained using the O 2 concentrations measured in the
afterburner and stack.

Since the time dependent toluene evolution rate curves are

intermediate results, they are not all shown. However, the toluene evolution curves
obtained from the afterburner CO 2 data are presented later in this chapter for comparisons
with xylene evolution curves from Lester et al. (1991).
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Figure 5.2
Normalized toluene evolution rate for fast rotation, no turbulence air
addition obtained from afterburner CO 2 response shown in Figure 5.1. The toluene
evolution rate is normalized by the total amount of toluene initially present in a pack.
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TO LUENE M OLE CLO SU RE
Once the instantaneous toluene evolution rates are obtained, the calculation of
mole balances on toluene is straightforward. One must simply integrate the toluene
evolution rates over time to obtain the cum ulative toluene evolution. The toluene
evolution rate always returns to zero within 600 seconds, so the cum ulative toluene
evolution should always approach the total moles o f toluene initially present in a single
pack. The cumulative toluene evolution curves generated from the afterburner CO 2 data
and norm alized by the total moles of toluene initially present in a pack are shown in
F ig u re 5.3.

Sim ilar curves were generated based on the afterburner and stack O 2

responses.
Each toluene-laden pack incinerated in the system contained 0.178 kmol o f
toluene. The final values of calculated cumulative toluene evolution were normalized,
dividing by 0.178 kmol to obtain the closure on toluene. This mole closure is expressed
as the ratio o f calculated toluene evolution to the toluene content of a single pack. The
calculated fractional toluene closures are given in T able 5.3 for each m ethod of
calculation and each operating condition. These fractional toluene closures are also
shown graphically in Figure 5.4 for each calculation method and operating condition.
Overall, the toluene closure is quite good considering the nature of these experiments.
Table 5.3 also shows the average toluene closures for each calculation method and
experimental condition, and the standard deviation of these values. Based on the data of
Table 5.3, the overall average toluene closure is

88%

and the overall standard deviation

of the data is 18%. The variation of the toluene closure between consecutive days at the
same experim ental condition is as large as the variation between different calculation
m ethods or between different operating conditions.

Thus, there is apparently little

influence of the operating conditions on the toluene closure, and the calculation methods

132

1.2

i

1.0

I

0.8

f

0.6

Fast, TA off
3 O c to b e r 1 9 9 0
4 O c to b e r 1 9 9 0

0.4
0.2
0.0
1.4

T

1.2

1.0

£

0.8

I

0.6

Fast, TA on
3 O c to b e r 1 9 9 0
4 O c to b e r 1 9 9 0

0.4
0.2
0.0
1.4

■ I ■ ■ ■ ■T

T

1.2

1.0

0.6

i
5

Slow, TA on

0.6

3 O c to b e r 1 9 9 0
4 O c to b e r 1 9 9 0

0.4
0.2
0 .0

1.4

T

' •i*

T

1.2

£

I

1.0

0.8

Slow, TA off

0.6

3 O c to b e r 1 9 9 0
4 O c to b e r 1 9 9 0

0.4
0.2
0.0

0

100 200 300 400 500
Seconds after pack insertion

600

Figure 5.3 Normalized cum ulative toluene evolution as a function of experimental
conditions. Slow and Fast denote kiln rotation rate. TA on and TA off denote operation
with turbulence air on and off respectively. Replicates obtained on 3 October 1990 and 4
October 1990 are shown. The cum ulative evolution is normalized by the amount of
toluene present in a pack, with 1 , 0 representing perfect closure.
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yield equivalent results.

In earlier studies on xylene and dichlorom ethane using

measurements at the kiln exit only (Lester et al. 1991; Cook et al. 1992), closure was not
good during operation with turbulence air addition. Since this is not seen in the current
calculations, poor closure with turbulence air addition in previous calculations may have
occurred because the turbulence air influenced the quality o f the assumptions used in the
analysis and not because the ultimate evolution of each species was reduced.

T ab le 5.3 Toluene mass closure fraction obtained for each experim ental condition for
each calculation method. See also F ig u re 5.4,
Experimental
Condition

Toluene Closure
Stack

Average

Standard
Deviation

Stack
flow 4

ABO2 1

AB CO 2 2

Fast Off 3
Fast O ff 4

0.90
1.13

1.09
1.33

0.76
0.84

0.98
1 .1 0

1 .0 2

0.18

Fast On 3
Fast On 4

0.97
0.73

1.08
0.79

0 .8 8

0.92

1.03
1.07

0.93

0.13

Slow On 3
Slow On 4

0.54
0.57

0.95
0.81

0.78
0.63

0.90
0.75

0.74

0.15

Slow Off 3
Slow Off 4

0.80
0.79

1.04
0.87

0.73
0.59

0.95
0.79

0.82

0.14

Average
Standard Dev.

0.80

0.99
0.18

0.77

0.95
0.13

0 .2 0

0 .1 2

0 .8 8

*
0.18*

* average and standard deviation o f all 32 values of toluene closure
1 ) using the afterburner O 2 mole fraction for total flow rate and toluene evolution rate
2 ) using the afterburner CO 2 mole fraction for total flow rate and toluene evolution rate
3) using the stack O 2 mole fraction for total flow rate and toluene evolution rate
4) using the total dry flow rate measured in the stack together with the stack O 2 mole
fraction to get toluene evolution rate
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F ig u re 5.4 Mole closures on toluene as a function o f operating condition and
calculation method. See also T able 5.3 for the data and explanation of the key.

C H A R A C T E R IS T IC E V O L U T IO N T IM E
In previous work (L esteret al. 1991; Cook et al. 1992) the time necessary for the
contam inant to evolve was characterized by the evolution interval, defined as the time
required for the middle 80% o f the ultimate contam inant evolution to occur. This
definition was used because the cum ulative evolution curves tended to be irregular,
particularly near the beginning and end, due to pack breakdown and bed motion effects.
From F ig u re 5.3 one observes that the shape of the cum ulative evolution curve for
toluene from a slipping bed is very smooth and repeatable for all the data. In fact, the
cum ulative evolution curves for toluene show n in F ig u re 5.3 can be closely
approximated by an exponential function, with the exponential time constant representing
the characteristic time for contaminant evolution. If the cumulative evolution curves of
F ig u re 5.3 are normalized by their final values, yielding N ^ 7 H8 (t), the resulting curves
will begin at 0 , approach

1

at the end, and can be readily fit by the expression:
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NC7Hs^ = 1 ' exP<

/T)

(5.11)

The application of equation (5.11) to fit a typical normalized cumulative evolution curve is
shown in F igure 5.5, with a resulting evolution time constant o f 120 seconds.

R a n g e o v e r w h i c h c u r v e i s fit
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F ig u re 5.5 Typical cumulative evolution curve, with curve fit through the data over the
indicated range and the function containing the fit parameters. The curve fit follows the
data extrem ely closely over much o f the range. Data is from the afterburner CO 2
response at fast rotation rate with no turbulence air addition on 3 October 1990 (the same
data used in F ig u res 5.1 and 5.2).

Since the data have been normalized and only the time constant is being extracted,
the results are only dependent upon the species response used.

In other words,

differences in the total dry flow rate are normalized out, and there are only three remaining
independent normalized evolution rate calculation methods (based upon afterburner O 2
response, afterburner CO 2 response, and stack O 2 response). The cum ulative evolution
curves obtained from these three methods are fit using equation (5.11), and the resulting
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time constants are given in T able 5.4 and shown in Figure 5.6. Table 5.4 also
shows the averages and standard deviations o f the tim e constants over the four
experimental conditions and over the three calculation methods. The overall average time
constant for contam inant evolution is 141 seconds, with a standard deviation of 23
seconds. The time constants appear to be independent of either the kiln rotation rate or
turbulence air addition. This is very different from previous studies on xylene and
dichloromethane, where both experimental variables were seen to influence the evolution
interval. Figure 5.6 also shows that the use of stack O j, afterburner O 2 , or afterburner
CO 2 in the calculations had no clear effect on the evolution time constant, although the
use of afterburner O 2 caused more scatter in the results than did the others.
Table 5.4 Evolution time constants for each experimental condition and calculation
method. See also Figure 5.6.
Experimental
Condition

Time constant (seconds)
ABO2 1

AB C 0 2 2

Average

Standard
Deviation

Stack 0 2 ^

Fast Off 3
Fast Off 4

137
141

127

117
143

131

11

Fast On 3
Fast On 4

190
116

140
103

155
129

139

31

Slow On 3
Slow On 4

95
141

138
160

162
153

142

25

Slow Off 3
Slow Off 4

157
183

130
151

128
158

151

20

Average
Standard Dev.

145
32

134
18

143
17

120

141 *

* average and standard deviation of all 24 values of the time constant
1 ) from the afterburner O 2 mole fraction response
2 ) from the afterburner CC>2 mole fraction response
3) from the stack O 2 mole fraction response
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F ig u re 5.6 Evolution tim e constants as a function of operating condition and
originating data. See also T a b le 5.4 for data and explanation of the key.

From the comparisons between calculation methods for obtaining toluene closure
and evolution time constants, no single calculation method stands out as clearly better than
the others. However, the calculation methods are not equivalent in terms of measurement
and calculation difficulty.

M easurem ent of the O 2 and CO 2 concentrations at the

afterburner location is far more difficult than at the stack location.

Using these

measurements to calculate air leak rates is also somewhat troublesome. Furthermore, the
total dry flow rate is simply measured at the stack. The simplest method for obtaining
toluene evolution rates, therefore, is to use the stack O 2 measurements together with flow
rates obtained from the induced draft fan at the stack (calculation method 4). Capability
for obtaining both o f these measurements (stack O 2 and stack flow rate) is standard on
rotary kiln incinerator facilities since these data are routinely used to certify that the system
is operating within permit guidelines. Since the waste evolution rates obtained with these
measurements (calculation method 4) are equivalent to those obtained with the other
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methods, future evolution rate characterization studies could make use of existing facility
instrumentation for waste evolution rate calculations.

E F F E C T S O F BED M O T IO N ON E V O L U T IO N R A T E
As discussed in Chapter 4, the bed of solids was exhibiting slipping motion
during the toluene experiments, in contrast to the slumping motion observed previously
during the xylene experiments (Lester et al. 1991). This difference in bed motion regime
is a result o f either the presence o f a thermocouple in the solids bed, or a change in the
surface roughness o f the slag-coated rotary kiln walls. In the slumping motion regime,
solids intermittently tumble down the free surface of the bed, and then follow the wall in a
layer below the surface before reem erging to tumble across the surface again. This
motion causes the solids to mix, and each part of the bed is repeatedly exposed at the
surface. During the toluene experiments, the bed exhibited a slipping motion. With this
type of motion, the entire bed slips relative to the wall, and it essentially moves as if it
were a solid piece, with the same particles remaining on the surface. In the slipping bed
motion regime, the solids mix very slowly. The differences in the bed motion regimes
preclude the use of this toluene data in the scaling analysis presented by Lester et al.
(1991) as was originally intended. It does, however, allow a comparison o f evolution
characteristics between slipping and slumping beds. Toluene and xylene have sim ilar
physical and com bustion characteristics, and the experim ental conditions were very
similar for each contaminant. Since the only major difference between the experiments
was the bed motion, com parisons between the xylene and toluene evolution behavior
should show the influence o f bed motion.
The toluene and xylene evolution rate data are show in F ig u re 5.7 for the four
operating conditions.

The norm alized toluene evolution rates obtained from the

afterburner CO 2 are shown. Each graph also contains the normalized xylene evolution
rate obtained from ensem ble averaged C O 2 measurements at the kiln exit using C O 2
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weighting factors (Lester et al. 1991). All the evolution curves are normalized so that the
integral of the curve over time is unity.
The toluene data show good overall repeatability between the duplicate tests at
each operating condition, although the magnitude of the initial spike in evolution shows
some variation.

For all operating conditions, the toluene evolution curves show

essentially the same behavior: a quick rise to the maximum followed by a gradual decay
back to the baseline. In contrast, the xylene evolution curves show a broader maximum
followed by a rapid decline. Also, the xylene data show a marked difference between fast
and slow kiln rotation rates, with the slow rotation rate resulting in a much broader, less
intense period of evolution. The xylene data for the slow rotation rate show three distinct
evolution peaks in each case, with a separation of approximately 80 seconds between the
peaks. This separation appears to correspond with the time necessary for a particle to
circulate through the bed and return to the surface.

None of this behavior is observed in

the toluene evolution data.
From the comparisons between evolution for a slipping bed and a slumping bed,
some practical observations can be made. First, the evolution behavior observed from the
slumping bed is generally better from a kiln operational perspective because o f the
broader, less intense waste evolution, with less propensity for causing transient "puffs ’,
as defined by Linak et al. (1987a). This difference in evolution behavior may be caused
primarily by the action of the hot, clean sorbent material present in the kiln from previous
packs. During slumping bed motion, the preexisting bed material repeatedly buries the
fresh charge from a new pack. This appears to cause an increased resistance to mass
transfer from the buried charge, and possibly reduces the rate of heat transfer to the buried
charge as well, resulting in a decline in evolution rate.

W hen the fresh charge is

reexposed due to circulation of the bed, the evolution rate increases again. This is in
contrast to the slipping bed case, where apparently the fresh charge is never buried by
preexisting bed materials but rather lies on top o f these materials. For volatile wastes
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Figure 5.7 Comparison of normalized evolution rates for slipping bed (Toluene) and
slumping bed (Xylene, from Lester et al. (1991)). Slow and Fast denote kiln rotation
rate, TA on and TA off denote operation with turbulence air on and off respectively. For
toluene, replicates obtained on 3 October 1990 and 4 October 1990 are included.
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such as toluene and xylene, the slipping bed motion is much less preferable because it
causes higher peak evolution rales that could, if the magnitude is great enough, lead to a
transient " p u ff. However, if the waste is much less volatile or if it is present in low
concentrations, a slipping bed motion may be acceptable because rapid evolution o f the
waste is unlikely. For these wastes, a slipping bed motion may even be advantageous
because the contam inated solids do not become buried in the bed, and so could
theoretically be cleaned of their hazardous components more rapidly. In Chapter 4 it was
observed that the type o f bed motion exhibited may be controllable by the drag exerted by
stationary protuberances extending into the bed, or by controlling the roughness of the
kiln’s inner walls. More extensive work is needed to characterize better the controllability
o f bed motion and its effects on a variety of waste materials in field-scale incinerators.

SUM M A R Y AND C O N C L U SIO N S
In this study, a field-scale rotary kiln incinerator is used to obtain data on the
processing of toluene contaminated sorbent contained in plastic packs. The incinerator is
probed in several different locations with instruments that continuously m onitor species
concentrations, temperatures, and pressures. Visual observations indicate that the bed
exhibited slipping motion during these experim ents. Evolution rates for toluene are
determined from experimental data, and cumulative evolution curves are generated. These
cumulative evolution curves are very nearly approximated by an exponential function, and
as such can be characterized by an exponential time constant. The time constants for
toluene evolution average 141 seconds and are not dependent upon either kiln rotation rate
or turbulence air addition. Air leak rates into the system are calculated to be between 2.8
and 3.5 times the metered air flow rates. Mass balances on the toluene are performed,
yielding good results that are also independent of experimental conditions. Evolution time
constants and toluene closure calculations were comparable regardless of the calculation
method used. This suggests that stack oxygen concentrations and stack flow rates may be
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the preferred data for these purposes because they are monitored in existing rotary kiln
incinerator facilities.
Comparisons with evolution data taken previously suggest that the slipping bed
motion exhibited during these toluene tests caused the toluene evolution rate to be
independent of kiln rotation rate. The slumping motion exhibited during earlier xylene
tests apparently restricted m ass transfer thus causing the xylene evolution to occur over a
longer tim e with lower peak evolution rates.

From an operational perspective, the

slumping motion may be preferable for high concentration volatile wastes because it
results in a more steady waste evolution. However, for low volatility wastes or low
concentration wastes, the slipping bed motion may be advantageous by reducing the mass
transfer resistance thus reducing the time to remove the waste from the solids. More
work needs to be done to address these possibilities.

NOMENCLATURE
CH 4 , O 2 , CO 2 , H 2 O, CyHg = methane, oxygen, carbon dioxide, water, and
toluene species, respectively, used in stoichiometric equations.
IO 2 ]. ICO 2 I = measured mole fraction of oxygen and carbon dioxide on a dry basis as a
function of time.
[O^lbaseiine’ f ^

^ 2

Ibaselinc = measured mole fraction of oxygen and carbon dioxide on a

dry basis under baseline conditions (no waste combustion).
= metered molar flow rate of methane into the kiln and afterburner, (kmol/s)
Mair = metered molar flow rate of air into the kiln and afterburner, (kmol/s)
Mjeak = molar flow rate of air leaking into the kiln and afterburner, (kmol/s)
Mdry now = tofal molar flow rate o f all product species except water, (kmol/s)
M c7Hg = molar flow rate o f toluene evolution from the sorbent, (kmol/s)
N c 7 Hg(0 “ molar evolution rate o f toluene at time t, normalized by 0.178 kmol. (1/s)

CH APTER 6

A 3-DIM ENSIONAL DETAILED NUM ER ICA L M ODEL O F A FIELDSCALE ROTARY KILN INCINERATOR

IN T R O D U C T IO N
Although rotary kiln incinerators are routinely used in the treatment o f solid
hazardous wastes, the complex transport and chemical processes occurring within these
systems are still not well understood. These processes include gas-phase and flam e
mode chem ical reactions, surface desorption kinetics, heat transfer including
conduction, convection, and radiation, solids mixing and bed motion, mass transfer in
porous materials, turbulent heat and mass transfer in the gas phase, thermal buoyancy,
and flow in a complex geometry. Ultimately, the combined effects of these processes
yield a stream o f gas that often requires further processed by an afterburner to destroy
any remaining hazardous organic species, and an ash stream that must be sufficiently
clean for landfilling. Rotary kiln incinerators are required to operate within an envelope
of permit conditions to ensure that the exhaust streams are sufficiently clean. Normally
these systems are overdesigned and operate well below the regulatory emission limits,
but at a cost in capital and fuel. If the processes governing the destruction of waste
within the kiln can be well characterized and modeled, then im provements in the
performance and economics of new and existing rotary kiln incinerators may be realized.
The majority of studies performed on rotary kiln incinerators have focused on
measurements taken at the stack, where sampling is relatively straightforward. These
studies have been helpful in m easuring the overall perform ance of the incinerator
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system, but they provide little insight into the details of the processes occurring within
the rotary kiln. A number o f experim ental studies have focused on elucidating the
complicated processes occurring within rotary kiln incinerators (Cundy et al. 1989a,
1989b, 1989c; Chapters 3, 4, 5). The measurem ents presented in Chapters 3, 4, and 5
were obtained by inserting large w ater cooled probes into the exit regions o f an
operating industrial rotary kiln incinerator. Unfortunately, difficulties in obtaining
experimental measurements in the inaccessible interiors of these systems have left large
gaps in our understanding. The geometry of a rotary kiln, with its large, rotating steel
drum, makes access for experimental m easurem ents within the system very difficult.
The high temperature, corrosive, paniculate laden process gases add funher difficulty to
sampling and measurement.
The observations by Cundy et al. and those in Chapters 3-5 have yielded useful
insights into the processes occurring in rotary kiln incinerators.

They repeatedly

observed a high degree o f stratification in temperature and species at the kiln exit, and
postulated that it was due to buoyancy of hot gases in the system. This stratification
could have a m ajor im pact upon waste destruction in the system , but a clearer
understanding of the process is needed. Measurements of the temperature, species, and
flow field throughout the rotary kiln could provide better understanding, but only the
exit region o f the kiln is currently accessible to measurement.
A few attem pts at m odeling rotary kilns and incinerators have been made.
Jenkins and Moles (1981) present a phenomenological model of heat transfer in a rotary
kiln. This model uses empirical flow field predictions together with zonal heat transfer
methods, but relies upon experimental data to supply flame heat release within each
zone.

Clark et al. (1984) and W olbach and G arm an (1984) present m odels of

chlorinated hydrocarbon incineration in pilot-scale liquid injection incinerators. Both
groups em ploy em pirical models o f the flow field, zonal heat transfer m odels, and
simplified kinetic models to predict the waste destruction. Others, such as Williams et
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al. (1988), have resorted to experimental measurements of cold flow in scale models to
predict rotary kiln and afterburner flow fields.
These m odeling efforts have yielded some useful inform ation about both
incinerator performance and the ability o f em pirical models to predict performance.
Because these models attem pt to use a very limited understanding of the processes
occurring within the system to make sim plifying assumptions, they fall short in their
predictive ability. Better success has been obtained recently in the area of coal fired
furnaces, w here extensive experim ental studies have yielded a good overall
understanding of the physical and chemical processes involved, and suitable numerical
models have been developed. These detailed numerical models o f coal fired furnaces
have reached the stage where they are useful for predicting the performance of systems
in the design process, as discussed by Smith et al. (1990).
In this chapter, a 3-dimensional detailed numerical model of a field-scale rotary
kiln incinerator is presented.

The purpose of this model is not to predict the

perform ance o f a rotary kiln incinerator; instead, the intent is to help elucidate the
temperature and flow field that exist within the rotary kiln. An additional goal is to
clarify how buoyancy and other operational parameters influence the temperature and
flow field. Results are presented for two baseline cases with only the support burners
firing the kiln and no waste combustion occurring. These results are compared with the
experimental data of Chapters 4 and 5 to verify that the model predictions are physically
realistic. No attempt is made to adjust the model to improve its agreement with the
experimental data. A parametric study is then performed to determ ine the effects o f
buoyancy and several operational parameters on the temperature and flow field. Results
obtained for each of these cases are compared and contrasted with the baseline cases.
Because the model is intended to predict gross features and parametric trends, useful
results are obtained even though some simplifications and approximations are used in
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defining the numerical problem. Overall conclusions are drawn, and possibilities for
future numerical work in this area are discussed.

P H Y S IC A L SY ST E M T O BE M O D E L E D
This model focuses on an industrial-scale rotary kiln incinerator that is described
in detail by Cundy et al. (1989a) and Montestruc (1989). The rotary kiln is 10.7 meters
long and 3.15 m eters in internal diam eter.

The feed end o f the kiln is shown

schem atically in F ig u re 6*1, as viewed from within the kiln.

The loading chute

opening, located in the lower center o f the kiln face, is where solids are normally fed
into the kiln. The support burners are located off the center axis to the right o f the
loading chute. The upper and lower burners feed a sub-stoichiometric mixture of air and
natural gas, while the central burner is normally used for feeding waste oil or solvents.
All three burners are angled so that their axes converge on the center axis of the kiln at a
point 6.17 meters from the feed end. An opening for sludge feed is located to the left of
the loading chute. Normally, steam is fed through the sludge nozzle for cooling when
sludge is not being fed. Two other nozzles are located in the upper left and lower right
o f the kiln face for injecting air. The primary purpose of this air injection is to induce
gas phase mixing, but it also adds air to support combustion. These air nozzles inject
streams of air in the indicated off axis directions; this air is henceforth referred to as
turbulence air (TA). The gas from the burners, nozzles, and air leaks flows through the
kiln and exits the kiln into a transition section where it is turned to flow upward into the
afterburners. Ash and solids fall from the kiln exit into a sump where they are quenched
in water. This is shown in F ig u re

6 .2

.
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Figure 6.1 Schematic of the rotary kiln feed end as viewed from within the kiln.
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Figure 6 . 2 Schematic of the rotary kiln and transition section in a vertical plane along
the direction of flow. Drawing is not to scale.
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It must be pointed out that the region of interest in this model is the area inside of
the rotary kiln, especially near its exit where m easurem ents have been made.

A

transition section is included in the com putational dom ain on both physical and
numerical grounds. If the kiln were modeled alone with gases exiting the round opening
in the horizontal direction, buoyancy would cause an inward flow through the lower part
of the outlet plane.

This reverse flow, unspecified in the m odel, would lead to

unrealistic results or preclude convergence. In the transition section, the outlet plane is
at the top of the computational domain, above and perpendicular to the kiln exit. The hot
gas within the kiln flows axially until it reaches the transition section, where it turns and
flows upward toward the exit. The transition section acts like a chim ney, ensuring
outward flow through the exit o f the computational domain. This also allows a zone o f
recirculating flow to reside in the kiln exit plane without violating the outward flow exit
boundary condition of the numerical model.
The kiln rotates slowly during operation: the rotation rates studied in Chapters
3-5 are 0.25 and 0.1 rpm. At the higher rotation rate, the velocity of the inner surface of
the kiln is only 0.042 m/s. This velocity is so small relative to the gas velocities that its
influence on the flow field is negligible. Therefore, in this model the walls are assumed
to be stationary.
The kiln operates at a very slight vacuum relative to the atmosphere. This
prevents hazardous species from leaking out of the system but it allows substantial
quantities of air to leak into the system. Montestruc (1989) estimated that this leak air
was between 1.5 and 2.1 times the metered combustion air flow rate into the system,
including the afterburners. In Chapter 5, the leak was calculated to be between 2.8 and
3.5 times the metered air flow. Air is known to leak into the kiln around the double
doors o f the loading chute, and through the rotary seals at both ends of the kiln.
Additional air is thought to enter in the transition section although the exact location is
unknown. Unfortunately, the flow rate of leak air at each point of entry is not known.
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MODEL FORMULATION

Model Inputs
This particular rotary kiln incinerator has been the subject o f an extensive
experimental study (Chapters 3-5), and substantial amounts of experimental data as well
as input flow rates and operating conditions have been recorded. These data provide
most o f the needed boundary conditions for a num erical model; however, some
variables such as leak air flow rate and location are more difficult to quantify. These
unmeasured input variables are estimated based upon the best available information, and
the details of this process follow.
The metered air, gas, and steam flow rates through each inlet into the kiln were
recorded during a detailed set o f experiments (Chapters 3-5). During these experiments,
natural gas was fed through only two of the support burners; the middle burner received
only air. The natural gas was assumed to be pure methane, and the temperatures of the
air and gas were assumed to be the ambient temperature during the experiments, at 306
K. In the burner nozzles receiving natural gas, steam was also injected, and an enthalpy
balance was used to determine the temperature of the input stream. These input values
are provided in Chapter 5 for the baseline cases with and without turbulence air added.
It is important to note that during the experiments, when turbulence air was turned on,
the natural gas flow rates to the support burners were increased substantially while the
air flow rates to the support burners rem ained the same. The overall com bustion
stoichiometry in the kiln, including the leak air, remained the same in either case, but the
support burners themselves were substantially more fuel rich during TA-on operation
(Chapter 5).
The determ ination o f leak air flow rates was more problematic. Although the
total amount o f un-metered air entering the system was determ ined for each baseline
case, the flow rate at each point of entry was unknown. Although the loading chute is
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blocked by two steel doors, there are gaps around the doors where air can enter. O f the
total calculated leak flow rate, 35% is assumed to enter at this location. Because the
overall opening is rather large and the door is recessed from the kiln face, little heating
o f the leak air should occur; therefore, the inlet temperature is estimated to be slightly
above ambient, at 310K. These values are best estimates; unfortunately, more detailed
measurements are not feasible at this time.
The rotary seals on each end of the kiln are known to have small passages where
air can leak into the kiln.

A lthough the passages are sm all, the seals are large,

occupying the perimeter o f the kiln. Because o f this, the total amount of air leaked
through each seal is not negligible and each is assumed to contribute

20

% of the total

leak rate (40% for both seals together). Because the air enters through small passages in
the relatively hot seals, some heating should occur.

The air entering the seals is

therefore assumed to be at 400K.
This leaves 25% of the leak air to enter through leaks in the transition section.
The actual sources of the leak might be the view ports or the bottom of the ash quench
sump. Because any ambient air leaking into this region will be colder and denser than
the hot gas inside, it will probably sink to the bottom of the sump. As it slowly warms
and mixes, it will rise, being displaced by fresh leak air. To simplify this complicated
and speculative flow, the rem aining 25% of the leak air is assumed to rise from the
bottom o f the ash sump in a uniform fashion. Its inlet tem perature is assumed to be
310K.
The walls o f the rotary kiln, as well as the kiln face and the transition section
walls, are lined with refractory brick. The actual temperatures of these walls are not
known so they must be estimated. The refractory brick is thick for the purpose of
reducing heat losses through the walls, and therefore could be assumed adiabatic.
However, because o f the extrem es in gas temperature in this kiln and the regenerative
nature o f heat transfer in rotary kilns (Gorog et al. 1982), the walls are better treated as
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isothermal. Based upon the temperatures measured by the facility thermocouple at the
kiln exit and other thermocouples in the system (Chapter 4), the kiln walls and face are
assumed to be at 800K. Because the transition section contains relatively cool air as
measured by Cundy et al. (1989c), its wall temperature is assumed to be 400K.
Admittedly, establishing the leak air flow rates, leak air temperatures, and wall
temperatures involves considerable estimation. However, this is considered a better
option than ignoring the existence o f leak air or assuming adiabatic walls simply because
detailed information is lacking. We certainly feel that the considerable expertise we have
gained with this system justifies the use of best-guessed values when better data are
unavailable. All the estim ates are based upon some physical evidence, often visual
observations.

Because one o f the goals of this model is to help understand how

buoyancy and leak air influence the kiln flow field, a parametric study should meet this
goal even if the input values are not exactly correct.

M odel D etails
A commercially available finite difference code, FLUENT V3.03, was supplied
under an academic license by Creare.x Inc. and was used in this work. The code is
flexible in allowing the user to apply a variety of solution algorithm s, differencing
schemes, and sub-m odels o f specific phenom ena to a particular problem (Creare.x
1990). The problem is specified using a menu driven interface, and no programming is
necessary.

For this work the code was run on a dedicated 33 M Hz 486 personal

computer.
In order to model the incinerator, the continuity and momentum conservation
equations must be solved. The coupled equations are solved using the Semi-Implicit
M ethod For Pressure Linked Equations-C onsistent or S1MPLEC algorithm (Van
Doormal and Raithby 1984). Because the flow is turbulent, a two (differential) equation
turbulence model is used to predict the kinetic energy of turbulence (»c) and its

dissipation rate (e). The Algebraic Stress Model (Creare.x 1990) then uses these to
solve algebraic approximations o f the differential transport equations for the Reynolds
stresses.

In contrast with the standard

k

- e model that uses the Bousinesque

hypothesis to incorporate an effective turbulent viscosity, the Algebraic Stress Model is
more general, particularly for the swirling flows which occur in parts of the incinerator,
and it does not require the assum ption of isotropic turbulence.

The conservation

equations are discretized using the quadratic upwind scheme, known as QUICK
(Creare.x 1990), to im prove the accuracy of the model in regions where the flow
direction is not along the coordinate axes. This also tends to stabilize the model,
allowing it to converge more easily.
The energy equation is solved in terms of enthalpy, and the temperature is then
extracted from the result. Radiation heat transfer is not included in this model because it
adds substantially to the complexity of the problem, and the necessary input parameters
for radiation heat transfer in this system are not well known. Although this is a severe
simplification, it is deemed necessary at this time to obtain a manageable formulation that
will converge.

The species conservation equations are solved, and the species of

interest in this problem are

O 2 , CH 4 , CO 2 , and f b O . M ixing limited methane

com bustion kinetics are implemented using the model o f M agnussen and Hjertager
(1977).

Because the problem focuses on stratification of the flow, a gravitational

acceleration vector is included in the momentum equations, and the density of the gas is
calculated as a function of temperature and composition using the ideal gas model.
Although the fluid viscosity is dominated by the effective turbulent viscosity, the
laminar viscosity is also specified. The laminar viscosity for air is used, and a fourth
order polynomial fit of the temperature variation is used between 300K and 3000K. The
data were obtained from Incropera and DeWitt (1985). Similarly, the laminar thermal
conductivity is approxim ated by a fourth order polynom ial for air over the same
temperature range using data from the same source. The enthalpy of the gas is specified

by integrating the specific heat capacity from a reference tem perature to the actual
temperature. The composition of the gas is accounted for by com puting the mixture
specific heat capacity as a m ass fraction weighted average o f the individual pure
component heat capacities. The heat capacities of the pure components are specified as
second order polynom ials in tem perature, and were obtained from Theodore and
Reynolds (1987).
Although the kiln itself is cylindrical, a rectangular coordinate system is used to
grid the computational domain in this model. This is done because the location and flow
area of the off-center burners, as well as the loading chute door and the rectangular
transition section, are more readily matched in the rectangular grid. This requires the
cylindrical walls o f the kiln to be approxim ated roughly as shown in Figure 6.3.
Although this is not physically realistic, the error associated with the stepwise curved
wall is unimportant relative to that caused by the coarse nature of the grid itself. The
computational grid on a vertical slice along the long axis o f the kiln is also shown in
Figure 6.3, as well as the coordinate system that will be referred to throughout this
chapter. The grid is uniform in each of the three coordinate directions and consists of a
total of 12,240 control volumes, of which 9,180 are interior control volumes. Each
interior control volume's dim ensions are 0.21 by 0.21 by 0.38 m in the X, Y, and Z
directions respectively. A complete listing of the model specification, including the grid
node locations, all boundary conditions and velocities, the specified properties, and the
variables solved is included in Appendix A.
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Figure 6.3 Com putational grid and coordinate system used in the model a) at the
burner end of the rotary kiln (Z=0), b) along the axis of the rotary kiln (X = 8 ). The
drawings are not to scale.
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Convergence
To solve the specified numerical problem, attention must be given to preventing
divergence. First, appropriate relaxation factors are selected. These are shown for each
solved variable in Table 6.1. To aid convergence further, multiple sweeps were used
for each variable, and these are also shown in Table 6.1. These sweeps represent
consecutive iterations solving only that variable without updating the coefficients used in
the equations. By using more sweeps for each variable, particularly for the pressure and
enthalpy, the interm ediate solutions for the variables better satisfy the governing
equations before updating the coefficients and beginning another overall iteration
through all the variables. This causes the overall iterations to require more processing
time, but it helps to stabilize the solution and leads to better convergence.

T ab le 6.1 Solution parameters for each solved variable.
Variable
Pressure
X-Velocity
Y-Velocity
Z-Velocity
Turbulence K.E.
T.K.E. Dissipation
Enthalpy
N2
°2
ch4
co2
h 2o

Number of Sweeps

30
8
8
8
8
8
30
2
8
8
8
8

Relaxation Factor

0.6
0.3
0.3
0.3
0.3
0.3
0.6
0.6
0.6
0.6
0.6
0.6

In this work, convergence is judged using two criteria. First, if the values of the
variables are not changing significantly over many iterations, the solution is converged.
This can be observed qualitatively overall, and quantitatively for a selected number o f
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variables at specific locations, but it is impractical to quantify overall. To quantify the
degree o f convergence overall, the normalized residual sum for each variable is used. A
residual is the amount that a variable at a particular node must change to satisfy the
current discretized equation for that location. These residuals are normalized by the
value of the variable to give a dimensionless fraction, and these are summed over all the
computational nodes to give the normalized residual sum for that variable. For a better
converged solution, these normalized residual sums become smaller for all the variables.
To simplify comparisons of relative convergence for sim ilar models, these normalized
residuals sums can be summed over all the calculated variables to provide a single
overall sum of normalized residuals. This overall sum o f normalized residuals was less
than 0.009 in every model solution, including the parametric study cases.
Initial attem pts to obtain converged solutions to the kiln model were only
partially successful. Often, as a solution was converging smoothly, sudden divergence
would occur. Sometimes the solution would stop improving for thousands of iterations
even though the residuals were not small.

These difficulties are not unusual for

complex, three dimensional furnace models where the fluid dynamics, heat transfer, and
chemical reactions are strongly coupled. To provide more control over the convergence
process, the model was form ulated as a transient problem with steady boundary
conditions. The problem is solved by obtaining a partially converged solution at a given
point in time, then using this as the initial condition to solve the same problem a small
time increment later. If the time step is small enough, the initial conditions are a good
estimate for the solution after the time step, and only small changes in the variables are
made. After a sufficient number o f time steps, a steady solution can be reached if the
boundary conditions are not changed. This approach is similar to under-relaxation but it
tends to provide better stability although it also tends to require more computational
time. Furthermore, it tends to localize the influence of conditions at one node on the
variables elsewhere in the system. This is intuitive; a parcel of gas cannot move very far

in a short period of time. This also allows better convergence to be obtained at the
intermediate time steps than could be obtained if the problem were cast in a steady state
formulation. For each step in time, 20 overall iterations were performed, again to obtain
better converged intermediate results and stabilize the solution process.

B A SE L IN E M O D E L R E S U L T S

T A -o ff R e su lts
The baseline case for the kiln model was solved first for TA-off conditions and
the results were used to paint a qualitative picture of the temperature, species, and flow
fields within the kiln, Again, the baseline case used gas and air flow rates to the burners
that matched those during the experim ental tests (Chapters 3-5). Leak air flow rates
calculated from the experimental data were included at the loading chute door, the front
and rear seals, and the ash sump in the transition section.
The vector components of the velocity at four different vertical slices parallel to
the kiln axis are shown in F igure 6.4. High velocities originate at the two burners in
use, and these jets rapidly turn upward and coalesce (see the X=13 plane). The jet
reaches the top o f the kiln about 3 meters from the kiln face, and it then accelerates
toward the kiln exit. After passing through the kiln exit plane, the jet turns and flows
upward toward the outlet boundary. A recirculation zone exists in the top front of the
kiln, above the loading chute door. In the centerline slice (X= 8 ), cold leak air entering
through the loading chute is seen to drop to the kiln floor and flow toward the exit.
About

6

m from the burner face, this leak flow merges with another flow originating at

the kiln exit. The two flows then rise and become entrained in the high speed jet near
the top of the kiln. The reverse flow at the bottom of the kiln exit plane appears to be
driven by the buoyancy o f the warming gases in the center of the kiln floor, and their
subsequent entrainment in the low pressure jet in the top of the kiln.
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F igure 6.4 Vector velocity component plots for TA-off operation. These plots are
vertical slices parallel to the center axis of the kiln (see F igure 6,3).

Figure 6.5 shows the temperature field at six slices across the kiln axis. The
figures show a nearly homogeneous temperature in the recirculation zone against the
burner face o f the kiln (Z = l), The cool air entering the loading chute door is clearly
visible below this recirculation zone. Progressing down the kiln axis (increasing Z), a
high temperature flame zone forms and quickly rises to the top of the kiln. This high
temperature zone corresponds to the high velocity flow in the top o f the kiln. The
temperature field becomes highly stratified, and this persists through the kiln exit.

Model Verification-Comparison with Experimental Data
In order to determine if the model predictions are physically realistic, they are
compared to the limited experimental data available. During the experimental studies
with this rotary kiln incinerator (Chapters 3-5), m easurem ents were taken at two
locations near the kiln exit. A diagram showing these sampling points is given in
Figure 6.6. M easurements taken at these locations included gas temperature, dry O 2
mole fraction, and dry CO 2 mole fraction. Measurements of CO and total hydrocarbons
were also taken, but their measured values were very low under baseline conditions, and
the complete combustion reactions used in this model do not allow for their prediction.
M easurements were taken at each location during operation with kiln rotation rates o f
0.25 rpm (hereafter termed "fast"), and

0 .1

rpm (hereafter termed "slow"). Table 6.2

show s the average experim ental data during these operating conditions and the
corresponding values predicted by the model, and Figure 6.7 shows bar charts o f the
same data. Figure 6.7 shows that kiln rotation rate had little effect on the measured
values, but location in the kiln strongly influenced the data. The model predictions and
experimental data show the same trend due to location: high O 2 , low CO 2 . and low
temperature in the lower kiln, and low O 2 , high CO 2 , and high temperature in the upper
kiln. This trend has been observed experim entally in a num ber of studies with this
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F igure 6.5 Gas temperature plots for TA -off operation. These plots are slices
across the kiln axis at the specified axial locations (sec F igure 6.3).
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F ig u re 6 . 6 Experimental sampling locations in the numerical reference frame. The
axial location is in the Z=25 plane (see F ig u re 6.3), 1.2 m from the kiln exit plane.
The burners and loading chute door outlines are added only for perspective.

T able 6.2 Comparison of model predictions with measured data for TA -off operation.
Upper and Lower denote the upper and lower experimental sampling locations and the
corresponding numerical grid locations. Fast and slow data denote data taken at fast or
slow kiln rotation rate, which has little influence on the measured baseline conditions.
See also F ig u re 6.7.
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F igure 6.7 Comparisons o f model predictions with experimental data for TA -off
operation. Upper and Lower location denote position at which the com parisons arc
made, as shown in F ig u re 6 .6 . Fast and Slow data are taken at different kiln rotation
rates, however this does not influence conditions when no waste is being incinerated.
Data are from T ab le 6.2.
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rotary kiln incinerator (Cundy et ah 1989a, 1989b, 1989c, 1991a, 1991b; Chapters 35), and has been described as vertical stratification of species and temperature at the kiln
exit. Even with the assumptions and approximations incorporated into the model, and
the coarse nature o f the grid, the model predictions show this vertical stratification quite
clearly.

The overall (gross) agreem ent between the model and the data is quite

rem arkable considering the lim itations of the model and the uncertainties of the
experimental measurements.
In spite o f the good overall agreem ent with the experim ental data, the
shortcomings of the model are apparent. The model tends to overpredict the O 2 and
underpredict the CO 2 at both locations. This may be caused by overestimation of the
leak air flow rate, or the model may be under-predicting the mixing in the system. The
model predicts much higher temperatures in the upper kiln and lower temperatures in the
lower kiln relative to the experimental data. The very high temperatures are probably
caused by neglecting radiation heat transfer in the model; the flame observed in the kiln
during experiments was luminous and thus was losing substantial heat via radiation. An
under-prediction o f the mixing in the system may also explain why the model predicts
more extreme temperatures than were experimentally measured. The coarseness of the
numerical grid may contribute to the underprediction of mixing by making it impossible
to resolve small eddies that may augment mixing in the real system. The model predicts
a steep gradient in all variables at the upper sampling point, and the experim ental
location of the sampling probe tip is not known that accurately. Consequently, a small
experimental error in probe tip location can cause a large discrepancy when comparisons
are made, even if the model predictions are correct.
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T A -o n R esu lts
A second baseline case model was solved for the conditions o f turbulence air
addition, since experimental data also exist for this operating condition. The vector
com ponents o f the velocity are shown in F ig u re

6 .8

. Again, a high velocity jet

originates near the burners and then turns up into the top o f the kiln where it accelerates
toward the exit. A large eddy is seen above the loading chute door, and reverse flow
occurs in the bottom o f the kiln in the center plane (X= 8 ) near the kiln exit. The flow
from the upper turbulence air nozzle is seen to turn downward even though the nozzle is
angled upward. This is probably because the ambient turbulence air is much denser than
the surrounding hot gas. The lower turbulence air nozzle flow appears to coalesce with
leak air from the loading chute door as it flows along the floor of the kiln.
F ig u re 6.9 shows the temperature field at six slices across the kiln axis. The
upper turbulence air nozzle is clearly visible in the first slice (Z = l), as are the loading
chute door and the lower turbulence air nozzle. Progressing down the kiln (increasing
Z), the jet from the upper turbulence air nozzle mixes with hotter gas as it drops toward
the lower kiln. At all slices but the exit, the center of the flame zone appears cooler than
its edges, which is to be expected because it is a diffusion flame. The kiln becomes
highly stratified with high temperatures in the upper kiln, and this persists through to the
kiln exit plane.
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F igure 6 . 8 Vector velocity component plots for TA-on operation. These plots are
vertical slices parallel to the center axis of the kiln (see F igure 6.3).
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F igure 6.9 Gas temperature plots for TA-on operation. These plots are slices
across the kiln axis at the specified axial locations (see F igure 6.3).
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Model Verification-Comparison with Experimental Data
Experim ental m easurem ents were taken from the same locations shown in
F ig u re

6 .6

when turbulence air was added to the kiln.

T a b le 6.3 shows the

experim ental m easurem ents o f O 2 , CO 2 , and gas temperature as well as the model
predictions for these locations, while F ig u re 6.10 com pares the model predictions
with experimental data in a series o f bar charts. Both the model and the data show high
C>2 , low CO 2 , and low temperatures in the lower kiln, and low O 2 , high CO 2 , and high
temperatures in the upper kiln. Similar to the comparisons made for operation without
turbulence air, the model tends to overpredict the differences between the sampling
points. In particular, for the upper sampling point the model predictions are rather far
from the experimental data. The model does predict a very steep gradient in all variables
at the upper sampling point, so experimental error in probe location may account for
much o f the discrepancy between the model and the experim ental data.

Overall,

however, the model does predict the correct trend as a function of sampling location,
and the agreem ent betw een the model and the experim ental data is quite good
considering the lim itations o f the model and the uncertainty o f the field-scale
measurements.
T ab le 6 3 Comparison o f model predictions with measured data for TA-on operation.
Upper and Lower denote the upper and lower experimental sampling locations and the
corresponding numerical grid locations. Fast and slow data denote data taken at fast or
slow kiln rotation rate, which has little influence on the measured baseline conditions.
See also F ig u re 6.10.
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Figure 6.10 Comparisons of model predictions with experimental data for TA-on
operation. Upper and Lower location denote position at which the com parisons are
made, as shown in Figure 6.6. Fast and Slow data are taken at different kiln rotation
rates, however this does not influence conditions when no waste is being incinerated.
Data are from Table 6.3.
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C o m p a riso n o f T A -o ff vs. T A -on M odel R esu lts
One o f the goals for this model is to learn how adding turbulence air influences
the temperature, species, and flow -fields in the kiln. The model predictions for the
flow-fields and temperature fields o f the kiln for both operating conditions have already
been presented. They show rem arkable sim ilarity regardless of the turbulence air
addition. When turbulence air is added, the velocities are higher because the flow rates
have been increased. The turbulence air model also shows a cool center in the flame
zone that was not present without turbulence air. F ig u re 6.11 shows the O 2 mole
fraction along the centerline of the kiln for operation both with and without turbulence
air. The addition o f turbulence air causes much lower O 2 levels in the flame zone of the
upper kiln, and these lower O 2 levels are seen to persist through to the kiln exit plane.
The gradient in O 2 near the kiln exit is also steeper when turbulence air is on, suggesting
that the turbulence air, rather than promoting mixing, may be increasing stratification. A
possible m echanism for this effect is seen in F ig u re 6.12, where the CH 4 mole
fraction is shown along the centerline of the kiln for both operating conditions. The
CH 4 is consumed near the burners during operation without turbulence air. In contrast,
when turbulence air is added, substantial CH 4 remains in the upper kiln where the O 2
levels are near zero. The support burners produce a more fuel rich flame that becomes a
purely diffusion flame in the upper kiln during turbulence air addition. The heat release
from combustion near the roof of the kiln stabilizes the already stratified flow and
minimizes subsequent mixing. In contrast, the support flame during TA -off operation
releases most o f its heat before it reaches the roof of the kiln, and the resulting hot gas
moves upward due to buoyancy and promotes a limited amount of mixing.
This mechanism by which stratification increases during turbulence air addition
suggests a re interpretation o f the experimental data presented in Chapters 3 and 4. In
those chapters, the measured increase in Cb at the upper kiln sampling point when
turbulence air was turned on suggested that the turbulence air induced greater mixing
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a) TA-off Baseline Case

b) TA-on Baseline Case
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Figure 6.11 Oxygen dry mole fraction plots for a) TA -off and b) TA-on operation.
These plots are vertical slices along the center axis of the kiln (X = 8 ).
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a) TA-off Baseline Case

b) TA-on Baseline Case
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Figure 6.12 Methane dry mole fraction plots for a) TA-off and b) TA-on
operation. These plots are vertical slices along the center axis of the kiln (X= 8 ).
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between the C>2 -rich gas in the bottom of the kiln and the

0 2

-depleted gas in the top of

the kiln. However, turbulence air induced m ixing should have also reduced the O 2
levels in the lower kiln, and this did not occur.

Because the overall com bustion

stoichiometry for the kiln was the same in both cases, the measured increase in O 2 levels
at the upper sampling point should have been accompanied by a decrease in O 2 levels
elsewhere in the kiln exit flow, or an increase in unburned CH 4 elsewhere in the kiln
exit flow, or both. Both model and visual observations suggest that low O 2 levels occur
at the top of the kiln exit, above the upper sampling location. Thus, the experimental
data are not inconsistent with the m odel's prediction that turbulence air addition can
increase stratification if the support burners are operated in a more fuel-rich mode.

P A R A M E T R IC STUDY
In order to exercise the utility of the model and gain insight into the kiln
operation, a numerical parametric study is undertaken. The baseline model with no
turbulence air (TA-off) has been discussed, as was the baseline model with turbulence
air on (TA-on). A list and discussion of the other parametric models based upon TA-off
operation follows:

TA-off
•

Baseline case

•

No gravity

•

All leak air enters through the loading chute

•

No leak air enters through the ash sump

In the first parametric case (TA-off No gravity), the body force due to gravity is
removed from the baseline TA -off model. Everything else remains exactly the same.
This is intended to illustrate the importance of buoyancy on the modelpredictions.

The next parametric model (TA-off All leak air enters through loading chute)
changes the location o f the leak air entering the system. In this configuration, the total
leak air flow rate from the TA -off baseline model is assumed to enter through the
loading chute door, whereas only 35% was allowed in the baseline model. The leak
rates through the front and rear seals, and the ash sump are all set to zero, while all other
conditions are held the same. This parametric model may simulate conditions that occur
in the actual rotary kiln when the loading chute door opens to admit solids.
The influence o f the leak air assigned to the ash sump is determined in the next
case (TA-off No leak air enters through ash sump). This case is identical to the baseline
TA-off case except the ash sump leak rate is set to zero; to simplify the comparison, the
other leak rates are not increased to replace this air. The primary interest in this case is
whether flow recirculation through the kiln exit is being augmented by this input.
A set of parametric cases was also generated based upon the baseline TA-on
model. These include:

TA-on
•

Baseline case
Turbulence air preheated to 433 K

•

Turbulence air preheated to 900 K

•

No leak air

First, a case was formulated where the turbulence air was preheated to 433 K
(TA-on Turbulence air preheated to 433K). This temperature was selected based upon
the temperature o f steam available at the facility. In preheating the turbulence air, the
turbulence air nozzle inlet velocities are increased to maintain the same mass flow rate of
the lower density hot air.

This case is intended to show w hether preheating the
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turbulence air can improve gas mixing by reducing its tendency to settle into the bottom
o f the kiln and by increasing its inlet velocity.
A second case is formulated to study preheating of the turbulence air (TA-on
Turbulence air preheated to 900K), and is motivated by the inconclusive results of the
previous case.

In the second case, the turbulence air is preheated to 900 K, a

temperature that may be possible using gas or electric air heaters. Again alt other
variables remained the same as the baseline TA-on case, but the turbulence air inlet
velocities were increased to maintain the same mass flow rate of the hot, low density air.
The final parametric case (TA-on No leak) addresses conditions when no leak air
is allowed to enter the system. This case would have been formulated with TA-off, as
were the other leak studies, but the air present for combustion would have been much
less than stoichiometric (63% theoretical air). The TA-on baseline case was used in this
formulation because it contains enough metered air from the burners and TA nozzles to
operate at 95% theoretical air, which is nearly stoichiometric. Thus, the leak air entering
the system was completely turned off while all other variables remained the same as the
baseline TA-on case.
To facilitate comparisons between the experimental cases, only the oxygen mole
fraction and velocity are considered. For the cases based upon TA-off, Figure 6.13
presents vertical slices along the center axis of the kiln showing oxygen mole fraction,
while Figure 6.14 shows oxygen mole fraction in horizontal slices along the kiln axis
for selected TA -off cases. Figure 6.15 shows the axial velocity at the kiln exit plane
for the TA -off cases. For the cases based upon TA-on, Figure 6.16 presents vertical
slices along the center axis of the kiln showing oxygen mole fraction, Figure 6.17
shows oxygen mole fraction in horizontal slices along the kiln axis for selected TA -off
cases, and Figure 6.18 shows the axial velocity at the kiln exit plane. These six
figures will be referred to repeatedly in the following discussions.

175

a) TA-off Baseline case

b) TA -off No gravity

c) TA -off All leak enters loading chute door

d) TA -off No ash sump leak air
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Scale: Oxygen Dry Mole Fraction
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F igure 6.13 Oxygen dry mole fraction plots for TA-off operation. These plots are
vertical slices along the center axis of the kiln (X= 8 ).
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Figure 6.14 Oxygen dry mole fraction plots for TA-off operation. These plots are
horizontal slices along the center axis of the kiln (Y=K). The dashed line shows the
kiln exit plane; the transition section begins below the line.
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a) TA~off Baseline case

c) TA-off All leak through door
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F igure 6.15 A xial (Z component) velocity plots for TA -off operation. These plots
are vertical slices across the center axis of the kiln at the kiln exit plane (Z^28).
Positive velocities are represented by the gray scale, while zero and negative
velocities are represented by the solid contour lines. The first solid contour line
represents zero axial velocity, and each subsequent line represents an increment of
0.5 m/s in the negative Z direction (flow toward the burner face).
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a) TA-on Baseline case

b) TA-on 433 K preheat of turbulence air

c) TA-on 9(X) K preheat of turbulence air
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Figure 6.16 Oxygen dry mole fraction plots for TA-on operation. These plots are
vertical slices along the center axis of the kiln (X=X).
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F igure 6.17 Oxygen dry mole fraction plots for TA-on operation. These plots are
horizontal slices along the center axis of the kiln (Y=fi). The dashed line shows the
kiln exit plane; the transition section begins below the line.
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a) TA-on Baseline case

c) TA-on 900 K preheat
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F igure 6.18 Axial (Z component) velocity plots for TA-on operation. These plots
are vertical slices across the center axis of the kiln at the kiln exit plane (Z=28).
Positive velocities are represented by the gray scale, while zero and negative
velocities are represented by the solid contour lines. The first solid contour line
represents zero axial velocity, and each subsequent line represents an increment of
0.5 m/s in the negative Z direction (flow toward the burner face).

T A -off Param etric C ases

TA -off Baseline Case
For com parison purposes, the baseline TA -off case is shown in Figure 6.13a. The flame (low oxygen region) is seen to rise from its origin on the right, then flow
along the top of the kiln toward the exit. A clockwise eddy is seen in the upper right of
the figure, where low oxygen gas is drawn back toward the base of the burner flames.
Notice that even near the top o f the kiln, the oxygen levels never drop below
approximately 2%. This is because mixing and diffusion have been sufficiently rapid to
satisfy com bustion oxygen requirem ents.

Figure 6.14-a shows a horizontal slice

along the kiln axis for the baseline TA -off case. The burner inlet is on the upper right.
Low oxygen regions appear on the edges of the burner jet where mixing with teak air
augments the combustion. The flame then rapidly rises through this plane toward the
top o f the kiln, and only high oxygen levels are seen for the rest of the kiln. The small
jet o f low oxygen on the upper left is due to the sludge lance inlet, where a small amount
of steam (with zero oxygen content) is admitted to keep the nozzle cool. Figure 6.15a shows the flow stratification and the large area of reverse flow through the kiln exit
plane (Z=28).

T A - o f f N o G ravity
In Figure 6.13-b , the case with no gravity is presented.

It shows very

graphically a lack o f vertical stratification compared to the baseline case. The jets from
the two support burners originate on the right, broadening and coalescing as they
approach the center o f the kiln. Keep in mind that substantial leak air enters the lower
kiln through the loading chute door and the ash sump, causing generally higher oxygen
levels in the lower kiln. The flame does tend to curve upward as it reaches the kiln exit
plane before turning and exiting the com putational dom ain vertically. Clearly, in
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com parison with Figure 6.13-a, buoyancy of hot gases is extrem ely im portant in
producing the stratified flow observed in the baseline case and in the experimental data.
Further insight may be gained from Figure 6.14-b, where a horizontal section shows
the flame originating at the burners on the upper right. The flame expands as it flows
along the kiln, but it tends to remain on the burner side of the kiln. This is very different
from the baseline case (Figure 6.14-a), where the flame rapidly passes through the
center plane as it rises into the upper kiln, and the rest of the center plane has very high
oxygen levels. Figure 6.15-b shows that the flow through the kiln exit plane is much
less stratified than the baseline case, and the zone of recirculation is greatly reduced.

TA-off A ll Leak Air Enters Through Loading Chute Door
Figure 6.13-c shows the case in which all the leak air enters through the
loading chute door. The cold, dense leak air immediately drops into the bottom of the
kiln and persists with little mixing until it reaches the transition section. Consequently,
along the top of the kiln, the flame oxygen requirements are not satisfied as readily and a
large oxygen deficient region is formed. The recirculation zone in the upper right of
Figure 6.13-c is still visible, but note that it brings gas containing no oxygen to the
front wall o f the kiln to be entrained in the upper burner jet. In the baseline case, air
entering the front seal mixes in this eddy and delivers more oxygen to the upper burner
jet. Figure 6.14-c appears sim ilar to Figure 6.14-a, showing that the change in
leak air location had little effect on the lower burner as the lower half of the kiln is rich in
oxygen in both cases. Figure 6.15-c shows that the leak air entering through the
loading chute door displaced the recirculation zone at the kiln exit plane. In the baseline
case, substantial reverse flow existed at the bottom of the kiln exit, while in this case the
bottom o f the kiln exit is occupied by air flowing directly from the loading chute door
along the floor. As a result, only two small regions of recirculation are observed at the
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sides of the kiln exit, each well above the kiln floor and the larger of the two on the side
opposite the burners.

T A-off No Ash Sump Leak Air
Figure 6 . 13-d is nearly identical to Figure 6.13-a except that the high
oxygen layer in the bottom o f the kiln is thinner. In the baseline case, air leaking into
the sump enters the kiln and flows upstream along the floor of the kiln, and this is not
possible when no sum p leak is present.

From F igu re 6 .1 5 -d , one sees that

recirculadon across the kiln exit plane was reduced without the sump leak air flow, but it
was not completely eliminated as might be expected.

TA -on Param etric Cases

TA-on Baseline Case
Figure 6.16-a show s the baseline TA -on case for com parison purposes.
Compared to the baseline TA -off case (Figure 6.13-a), oxygen levels are much lower
in the top of the kiln, and the vertical gradient in concentration is greater. The cause o f
these conditions, support burners operating in a more fuel rich condition relative to the
TA -off case, was discussed previously. The eddy in the upper right corner is visible,
and leak air from the seal is seen to augment the oxygen levels there. The figure does
not show any evidence that the turbulence air enhances gas-phase mixing. A horizontal
section through the kiln in Figure 6.17-a is quite similar to the baseline TA-off case in
Figure 6.14-a. The support flame, however, is noticeably longer and its oxygen
levels are lower before it passes through the center plane and rises into the upper kiln.
Part o f this effect may be due to the higher velocities from the support burners because
the burner flow rates are higher when the turbulence air is on.

Also, the lower

turbulence air nozzle, being below the lower burner, may draw the flame down
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somewhat before buoyancy forces it up through the center plane.

Figure 6.18*a

shows a similar flow pattern to that obtained with the baseline TA -off case (Figure
6.15-a). The recirculation zone in the bottom of the kiln is very comparable in size and
magnitude, but the TA-on case shows higher velocities near the top o f the kiln.

TA-on 433 K Preheat o f the Turbulence Air
Figure 6.16-b shows the case with the turbulence air preheated to 433 K.
Very little effect is seen relative to the baseline TA-on case in Figure 6 . 16*a.
Preheating the turbulence air should augment mixing because it would have higher jet
velocities and it would be less dense, therefore it would have less tendency to sink to the
floor of the kiln. However, relative to the flame temperatures, preheating the turbulence
air from 300 K to 433 K appears to make little difference. Also, relative to the amount
o f leak air entering the system, the turbulence air flow is small so it cannot reduce the
overall buoyant stratification. This is seen clearly in Figure 6.18>b, where the flow
pattern is almost identical to that o f the baseline case in Figure 6.18>a.

TA-on 900 K Preheat o f the Turbulence Air
A more drastic preheat o f the turbulence air, to 900 K, is shown in F igure
6 .16-c.

Here, the low oxygen region along the top o f the kiln has been reduced

substantially in extent. The dark horizontal streak where the flame normally appears is a
region o f higher oxygen levels originating from the upper turbulence air nozzle. In the
lower right o f the kiln, the region o f slightly reduced oxygen levels is seen to dip closer
to the kiln floor. This is the effect o f the lower turbulence air nozzle entraining products
from the support flame and mixing them with the air in the lower kiln. The oxygen
concentration gradient is less severe than in Figure 6.16-a, and this condition persists
through the kiln exit plane. However, the degree of stratification at the kiln exit is still
no better than observed in the baseline T A -off case (Figure 6.13-a). Figure 6.17-b
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shows the horizontal section through the center of the kiln for this case. The lower
burner flame persists below the centerline substantially longer than in the baseline TA-on
case (Figure 6.17-a). This is evidence that the lower turbulence air nozzle is drawing
the flame down into the lower kiln, and the higher velocities of the preheated turbulence
air augment this process. Also, a more extensive region of low er oxygen levels is
visible in the front half o f the kiln, as the lower turbulence air nozzle mixes some
combustion products into this region. The flow pattern at the kiln exit plane, shown in
Figure 6.18*c, again shows clearly that stratification has not been substantially
reduced. The flow pattern shows a broader region of outward flow than the baseline
case, but it also has a slightly more intense recirculation zone at the kiln exit.

TA-on No Leak Air
Figure 6.16-d shows the case where no leak air enters the kiln; the only air
enters through the burners and the turbulence air nozzles. The overall stoichiometry for
the kiln in this case is 96% theoretical air, so oxygen levels are generally low. Still, the
lower turbulence air jet persists along the floor of the kiln. The vertical section does not
show the true nature o f the solution; Figure 6.17-c gives the horizontal section
through the center o f the kiln. Here, oxygen is consumed on the burner side (right) o f
the kiln, while oxygen from the turbulence air nozzles persists on the other side (left)
through the kiln exit. When leak air is not present in the system, stratification in the
vertical direction due to buoyancy is greatly reduced. This is replaced by segregation in
the horizontal direction originating with the different entry locations of the air and natural
gas.

W here natural gas and air com e into contact, high tem peratures result and

buoyancy causes an upward flow.

H ow ever, the am ount o f com bustion actually

occurring is small, and the resulting hot gas quickly mixes with the surrounding gas,
limiting the stratification. This situation persists through the kiln exit, shown in Figure
6.1 8 -d , where the contact layer between natural gas and air corresponds with the

highest flow velocities on the left. The reverse flow on the right persists nearly to the
front o f the kiln, but it is devoid of oxygen and does not augment combustion of the
natural gas from the support burners.

S U M M A R Y AND C O N C L U S IO N S
A detailed numerical model of an industrial rotary kiln incinerator is formulated
and solved using a commercial finite difference code. Two baseline cases are tested
(turbulence air on and off) and the results are analyzed for qualitative features in
locations where experim ental m easurem ents have been unobtainable.

The model

predictions are shown to be physically realistic by com parison with experim ental
measurements obtained in the industrial rotary kiln that was modeled. Comparisons are
made at only specific locations where experimental measurements have been taken. The
overall conclusions concerning the quality and utility of the model predictions are:

•

Both baseline model cases predict qualitatively the gradient in temperature and
species concentrations that have been measured experimentally near the kiln exit.

•

Quantitative agreement between the predictions of both baseline model cases and
experimental data is relatively good at the lower experimental location but poor at
the upper experimental location. The models’ predictions of very steep gradients
near the upper sampling location, combined with experimental uncertainty in the
location, may account for this poor agreement.

•

A com parison between the baseline model cases suggests that the addition o f
turbulence air may increase stratification in the kiln rather than augment bulk gas
phase mixing. The mechanism for this behavior appears to be the increased
natural gas flow rates used when operating with turbulence air on, causing a
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more fuel rich support flame. This fuel rich, diffusion limited, support flame
consumes fuel more slowly and releases more of its heat near the top of the kiln,
augmenting the thermal stratification.

•

A reinterpretation of the experimental data in Chapters 3 and 4 suggests that the
turbulence air addition may be increasing stratification as the model predicts,
rather than improving mixing as has been suggested based upon experimental
data alone. Although this cannot be shown conclusively with existing data, it
deserves further investigation.

In analyzing the qualitative features predicted by the baseline model cases, the
following observations are made:

•

The flow field predicted by the model for both baseline cases shows the hot
support flame rising rapidly to the top of the kiln and proceeding along the
ceiling toward the exit.

•

In both baseline model cases, the leak air is seen to drop to the bottom o f the kiln
and flow along the kiln floor.

•

In both baseline model cases, some flow proceeds upstream through the kiln exit
and along the kiln floor before it meets an opposing flow of cool air from the
front o f the kiln.

•

In the model case with turbulence air on, the jets of cool turbulence air rapidly
turn downward and drop toward the bottom of the kiln.

Once the baseline model cases are analyzed and their utility dem onstrated, a
num erical param etric study is perform ed.

The param etric study addresses the

importance of buoyancy on the flow field, the influence of leak air location and quantity,
and the effects of preheating the turbulence air. The following conclusions are drawn;

•

Buoyancy of the hot gases is indeed the primary cause of the observed vertical
stratification in the kiln.

•

Decreasing the leak rate through the front seals appears to starve the support
flames for oxygen. This is because much of the support flames' oxygen is
entrained at the base o f the burners on the front wall of the kiln, where air
leaking through the front seals is available.

•

Increasing the leak rate through the loading chute door causes more cool air to
flow along the kiln floor at higher velocities, and it displaces the recirculation
zone at the kiln exit from the bottom to the sides of the kiln.

•

Elim inating leak air entering through the ash sump reduces the amount of
recirculation at the kiln exit and displaces the recirculation zone upward.

•

Completely elim inating all leak air while maintaining turbulence air addition
drastically reduces buoyancy driven stratification, and the flow field becomes
horizontally segregated into support flames on the burner side of the kiln and
turbulence air on the other side.
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Preheating the turbulence air to 433K has little effect. Preheating the turbulence
air to 900K im proves the gas phase m ixing som ew hat; how ever, the
stratification at the kiln exit is similar in degree to that observed with TA-off.

Overall, this modeling study has met its goals of improving our understanding of
the flow field within the kiln and the influence of selected parameters on this flow field.
The model has been successful in predicting qualitative trends observed experimentally,
and it has provided a valuable tool to help interpret the lim ited experim ental data
available. This work has demonstrated that a detailed numerical model of intermediate
com plexity can be sophisticated enough to provide very useful, although not
quantitatively exact, results while remaining manageable enough to be readily handled
by available numerical codes and inexpensive computers.
Future rotary kiln modeling efforts will proceed along two avenues. One avenue
will explore the use of similar, intermediate complexity models to address more difficult
problem s such as the time dependent flowr field resulting from transient waste
incineration. Another avenue will be to keep the focus on steady-state kiln operation
with methane support flames only, while improving grid resolution and addressing
radiation heat transfer. We hope that these future efforts, together with improved
numerical methods and better computer hardware, will soon lead to a more reliable and
comprehensive predictive capability for rotary kiln incinerator performance.

C H APTER 7

B ED M IX IN G AND H E A T T R A N S F E R IN A
B A T C H -L O A D E D R O T A R Y K IL N

IN T R O D U C T IO N
Rotary kiln incineration is one method often used to destroy hazardous waste.
This is a com plex process involving m any sim ultaneous heat and m ass transfer
phenomena. For waste adsorbed on solid materials, the desorption rate of the waste is of
particular importance. The ability to predict the transient desorption or evolution rate of
waste is necessary for proper design and operation of a kiln and afterburner system. The
system must be designed and operated such that the instantaneous evolution rate never
exceeds the capacity to destroy effectively the evolved waste, thus avoiding an event
referred to as a transient ’’p u ff' (Linak et al. 1987a, 1987b; W endt and Linak 1988).
Also, prediction of the transient evolution rate, when combined with the residence time
distribution of the solids in the kiln, allows the estimation of the residual contamination on
the ash exiting the kiln.
Rotary kilns are capable of processing many types of waste (solids, liquids, or
mixtures of solids and liquids) under a variety of loading conditions. This research is
concerned specifically with the processes involved in the incineration of periodically
loaded liquid wastes adsorbed on solids. The difficulties in predicting evolution rates can
be better understood by review ing the sequence of events that occurs during this
incineration process. On the basis of video images as well as temperature and species
concentration measurements near the exit of an industrial-scale rotary kiln incinerator.
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Cundy et al. (1991b) and Cook et al. (1992) describe the incineration of periodically fed
waste in a rotary kiln. The surrogate waste used in these experiments is either xylene or
dichlorom ethane adsorbed on clay.

These wastes are initially contained in plastic

containers, or packs. As a new pack is introduced into the kiln (once every ten minutes),
it falls on a hot bed of relatively clean solids remaining from previous packs. The new
pack is heated by energy transferred from the support flame, the hot combustion gases,
the kiln walls, and the bed o f solids.

W ithin about 30 seconds the plastic pack

disintegrates and the sorbent begins to mix with the existing bed in the kiln. As the
sorbent begins to heat, the volatile waste species desorbs and is incinerated.
In this paper, we review previous bed evolution studies, as well as other work
dealing with the description o f and prediction o f bed motion and heat transfer to rotary
kiln beds. Experiments that demonstrate the importance of mixing on the heat transfer to
periodically fed solids are discussed. Results of these experim ents lead to a relatively
simple model that predicts the heating of the solids including the effects of mixing.

Evolution o f W aste from Solids
Several attempts have been made to measure and to model desorption rates in
pilot-scale rotary kiln simulators. In one such study, Linak et al. (1987a) m easured
evolution characteristics and puff generation with batch fed solid wastes in a pilot-scale
rotary kiln simulator. The simulator is a 73 KW directly fired unit with dim ensions of
0.762 m inside diameter and 0.61 m length. The authors used statistical response surface
techniques to select test conditions for parametric studies. They selected charge mass,
charge surface area, kiln temperature, and waste material as the independent variables.
The waste charges consisted of a num ber of plastic rods of varying lengths to give the
desired mass and surface area. The rods consisted of high density polyethylene, low
density polyethylene, polyvinyl chloride, and polystyrene plastics.

The dependent

variables were transient peak height of the total hydrocarbon analyzer sampling the kiln
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exhaust gas, and the total area under each transient peak. The results of the experiments
were statistically analyzed to produce response surfaces of the dependent variables. The
authors concluded that increasing the kiln temperature may increase the peak height but
decrease the area under the peak, thus decreasing the integrated m ass of hydrocarbons
exiting the kiln. Both peak height and integrated mass were strong functions o f the mass
and surface area o f the charge. The authors suggest that the formation of transient puffs
results from a complicated mixture of physical and chemical processes in the kiln. The
processes appear to be strongly dependent on the nature of the solid waste, the heat
transfer to the solid w aste, the rate o f w aste vaporization, and the gas phase
stoichiometry.
Linak et al. ( 1987b) also discuss the incineration of liquids bound on solid sorbent
m aterial contained in cardboard containers, using the same pilot-scale rotary kiln
described previously by Linak et al. (1987a). In these tests, the waste charges consist of
toluene, dichlorom ethane, carbon tetrachloride, or No. 5 fuel oil adsorbed onto ground
corncob material contained in 0.95 L cylindrical cardboard canons. Parametric studies
were performed using statistical response surface methods. The independent variables
were kiln tem perature, liquid charge mass, and kiln rotation rate, while the dependent
variables were total hydrocarbon peak height and area. Increases in any of the three
independent variables led to increases in both of the dependent variables. Difficulties in
data interpretation owing to the nonlinear response of the total hydrocarbon analyzer are
discussed, as well as the problem o f determ ining the appropriate puff indicator (THC,
CO, soot mass) for each waste species. The speciation of the exhaust gas is reported for
each o f the waste species tested. The authors suggest that the volatile release rate is
probably controlled by heat transfer, surface exposure, contaminant vapor pressure, and
heat of vaporization of the contaminant.
W endt and Linak (1988) proposed a theoretical model to predict waste evolution
and puff formation from batch loaded liquid wastes bound on ground corncob sorbent

193

material. The proposed model relates desorption rate to vapor pressure through the
Clapeyron equation, and to surface area. They assume that the surface area follows a
fragmentation type behavior in which the solids periodically fragment to produce two
pieces out o f every one. The rate o f fragmentation is assumed directly proportional to the
kiln rotation rate. The model appears to simulate the salient features of the experimental
runs, including multiple evolution peaks, but it fails to agree quantitatively without
adjustment of the parameters.
Owens et al. (1992) performed studies on toluene adsorbed on montmorilIonite
clay particles. Charges o f this waste were fed into an em pty pilot-scale rotary kiln
simulator where the toluene vaporized without combustion and was measured in the kiln
exhaust gas. The independent variables for the study were kiln wall temperature, solids
fill fraction, and kiln rotation rate. The bulk temperature of the solids was measured
continuously with a thermocouple immersed in the bed of solids. The tim e-varying
desorption rate of toluene was calculated from the exhaust gas flow rate and the measured
toluene concentration in the exhaust gas. These data were interpreted in terms of a surface
renewal model.

The model assum es that the bed is periodically well mixed, with

depletion of toluene occurring on the exposed surface during the stationary intervals.
This draw s conceptually upon the observed slum ping motion o f the bed, where the
surface o f the solids is stationary until a slump occurs and the surface is renewed. The
slumping frequency was determ ined experim entally as a function of fill fraction and
rotation rate, and was then incorporated into the model. The rate of toluene desorption
was determined by the rate of diffusion through the surface layer, which is approximated
as a sem i-infinite medium; an effective diffusion coefficient with an Arrhenius-type
dependence on temperature was used. The resulting model has two empirical constants
that were adjusted to give the best fit of the data. The temperature in the Arrhenius term is
supplied by the measured bed temperature (assuming the bed to be spatially isothermal) as
a function of time. Because the model is exponentially dependent upon temperature, the
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predicted evolution rates are highly sensitive to the tem perature o f the solids. The
predicted toluene evolution rates agree surprisingly well with those determ ined
experimentally, although the two fit parameters were temperature dependent.

Bed M ixing and Heat T ransfer C onsiderations
Bed evolution studies suggest that evolution rates are dependent on many
param eters including waste and sorbent properties, bed m otion, and heat transfer
considerations. The process o f contaminant evolution from the solid material is greatly
accelerated by heat transfer to the bed material. It should be noted that current rotary kiln
incinerator models assume that the bed is thermally and materially well mixed in the radial
and circumferential directions (Owens et al. 1991). Variation is allowed only in the axial
direction, resulting in a one-dimensional bed model. These models are generally based
upon an assumption of steady-state solids feed, so the transient nature of the problem is
eliminated. While some o f these models have been successful in describing steady-state
phenomena in rotary kilns, they are not capable of predicting evolution from periodically
loaded waste. That is, even if the assumption that the bed is essentially well mixed is
justified, these models will fail when that assumption is applied to freshly fed solids.
To describe fully the heat transfer to the cold waste material introduced onto hot
bed material, bed motion and mixing as well as external heat transfer to the bed must be
considered. These considerations provide a foundation for understanding bed mixing and
how it influences bed heat transfer and waste desorption rates.
The characteristics o f particle motion in rotating drum s have been previously
investigated (Lehmberg et al. 1977; Henein et al. 1983a. 1983b). Lehmberg et al. (1977)
placed dyed particles on an existing bed o f a rotary drum and observed the resulting
particle motion through the transparent end of the drum. Based on these experiments, the
authors describe the bed as consisting of two distinct regions. The first region contains
particles that are stationary relative to the rotating drum wall. The particles in this region
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follow the wall up to some critical height then they roll down the exposed surface of the
bed. The moving particles at or near the surface o f the bed constitute the second region
that the authors term the well-mixed layer o f the bed. The authors qualitatively describe
the mixing process by which the dyed particles are distributed throughout the bed. To
quantify the m ixing rate in the rotating drum , the authors m easured the transient
temperature at a point in the bed after a charge of relatively hot material was added to the
drum.

A characteristic decay tim e constant was determ ined for the process o f

equilibrating the bed temperature. These experiments demonstrated that the decay time o f
the system decreased as the drum rotation rate increased.
Henein et al. (1983a) has more completely described the possible bed motion in a
rotary kiln. The authors describe the four regimes of bed motion typically found in rotary
kilns: slipping, slumping, rolling, and cascading. Cascading motion is characterized by
relatively high rotation rates where particles are thrown free o f the wall and follow a
ballistic trajectory before reentering the stationary layer against the wall. At lower rotation
rates, rolling motion occurs in which particles continuously pass through the mixing layer
and the free surface is flat and moves constantly. At still lower rotation rates, the motion
is similar except that the free surface only moves intermittently. This is termed slumping
motion. Under special conditions where the bed tends to stick together, the entire bed
intermittently slips relative to the wall. In this motion regime, called slipping, little or no
mixing occurs and the free surface contains the same material for long periods of time.
Through a series of experimental investigations the authors find the operating conditions
and bed properties that result in the various types of bed motion. In general, the bed
motion is found to be influenced by the fill fraction, kiln rotation rate, kiln diameter, and
sorbent particle diameter. A semi-empirical model is developed to predict the bed motion
based on these parameters. With the possible exception of some slipping bed motions,
the bed motion modes typically encountered in rotary kilns follow the conceptual model of
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Lehmberg et al. (1977) in which a layer of solids near the wall is stationary relative to the
wall and an outer layer where mixing occurs.
With information about the motion of the bed material, one can gain some insight
into how heat is transferred to the bed. In general, many factors may influence the
transfer of heat to the bed in a rotary kiln (Barr et al. 1989a, 1989b). However, under the
special operating conditions o f low temperature, no radiant flame, and low gas phase flow
rates, heat conduction from the portion o f the kiln wall in contact with the bed becomes
the dom inant mode o f heat transfer to the bed (Owens et al. 1991). The conduction
occurs through the stagnant layer of the bed as it moves with the kiln wall. Several
investigators, including Tscheng and W atkinson (1979), have developed empirical heat
transfer coefficients for this conduction process. These coefficients generally depend on
kiln rotation rate, bed material properties, and a film resistance between the wall and the
bed material. Thus the heat transfer to the bed from the covered wall can be described by
a single heat transfer coefficient and the tem perature difference betw een som e
characteristic temperature of the bed material and the wall temperature. This characteristic
temperature is usually taken to be that o f the assumed well-mixed bed. However, if the
bed is not well mixed it is not clear what bed temperature should be used with such a heat
transfer coefficient in calculating heat transfer from the wall. That is, the heat transfer
from the kiln wall is itself dependent on the mixing of the bed.
The rate at which the cold solids are heated by mixing with the hot solids is critical
in determining the initial rate of waste evolution in many practical incinerator applications.
Clearly if the initial mixing process takes minutes, the well-mixed bed assumptions may
fail to predict accurately the heat transfer from the kiln to the bed. However, in this case,
the heat transfer to the cold sorbent due to mixing may be relatively slow and perhaps
negligible. W hat is less clear is the opposite extrem e, where the bed is justifiably
assumed to be well mixed. If fresh sorbent is mixed with the hot sorbent in only a few
seconds, then the initial rate o f heat transfer due to mixing must be very high. Since heat
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transfer drives the rate o f evolution, this rapid mixing period may be accompanied by
extremely rapid evolution, possibly resulting in an overload condition in the afterburner.
Clearly the mixing process influences heat transfer to the bed and heat transfer
within the bed, and thus may significantly affect waste evolution rates.
m ixing process is poorly understood.

However this

The experim ents described in the follow ing

discussions were designed to provide a better understanding of the bed mixing that occurs
in a batch-fed kiln.

E X P E R IM E N T A L F A C IL IT Y
A series o f experiments was performed using the pilot-scale rotary kiln simulator
at the University of Utah. This facility has been described in detail by Lemieux and
Pershing (1989), and is shown in F ig u re 7.1.

It consists of a horizontal, refractory

lined, rotating drum with internal dimensions of 61 cm long by 61 cm diameter. A natural
gas/air support burner supplies heat to the system. One end of the drum is seated against
a stationary exhaust section, which contains the kiln exhaust duct, a loading gate, a
viewport, and fittings for the introduction o f various probes into the system. To facilitate
loading, a trough shaped loading chute is inserted through the loading gate. Waste is fed
through the gate and down the chute. The waste lands inside the kiln near its center, the
chute is retracted, and the gate is closed. The simulator differs from an actual rotary kiln
incinerator in that the solids do not travel through the simulator, and they do not exit the
system unless they are removed.
Since the present study does not presum e the bed to be well m ixed, a
therm ocouple probe was designed to measure sim ultaneously the bed temperature in
several locations. The probe contains 4 thermocouples spaced 5 cm apart along the axis
o f the kiln. A diagram o f this thermocouple rake is shown in F ig u re 7.2, The rake
uses type K thermocouples in 0.3175 cm stainless steel sheaths. The sheaths are 91 cm
long to reach from the port in the exhaust section into the bed. The thermocouples arc
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Figure 7.1 Plan view and cross section of the pilot-scale rotary kiln sim ulator at the
University o f Utah from Owens et al. {1992).
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further supported by 0.635 cm stainless steel tubes that enclose them to within 1.27 cm of
each thermocouple tip. The extra support is necessary to keep the thermocouple tips
accurately positioned within the bed of solids, which tends to drag on the thermocouples.
All o f these tubes are bundled together inside a short piece of 1.9 cm stainless tube and
the spaces between the tubes are sealed with refractory cement. This large portion o f tube
passes through the bulkhead and is held in place using standard tubing connectors. The
thermocouple tips are positioned so that they are uniformly 1.27 cm away from the kiln
surface and are approximately along the centerline (line of greatest thickness) o f the bed.
An additional thermocouple probe of similar design but containing a single thermocouple
was left in place from earlier studies (Owens et al. 1991), thus providing a total o f 5
thermocouples in the bed. The tip of the single thermocouple was located between the
second and third thermocouples o f the rake as shown in Figure 7.2.

Location of Single
Thermocouple Probe
from Earlier Studies
T ypeK
Thermocouples
0.3175 cm
Stainless Steel
Sheathed

Stainless Steel Tubing
1.9 cm Diameter Filled
with Castable Refractory
Cement
\
\

Fixed
Kiln
Bulkhead

Stainless Steel Tubing
0.635 cm Diameter

i

Approximate Location
of Free Surface of Bed

Thermocouple
Output to Data
Acquisition

Rotating
Kiln Wall
Thermocouple-Wall
Clearance 1.27 cm
Figure 7.2 Thermocouple rake for bed temperature measurements in the kiln simulator.
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E X P E R IM E N T A L P R O C E D U R E
A set o f experim ents to sim ulate the mixing and heat transfer in a rotary kiln
sorbent bed was developed as follows. First, it was decided that no desorbing waste
should be included in these tests because it adds complexity. The desorption o f waste
takes heat from the bed, and so the heat and mass transfer are coupled. For these tests,
the limit where heat and mass transfer are uncoupled is investigated, as there is no mass
transfer in these experiments. The resulting heat transfer is a realistic approximation for
sorbents containing low concentrations o f waste species.
The main thrust of these tests is to study the thermal behavior of cold sorbent
added to a hot sorbent bed. In field-scale rotary kiln incinerators, the waste is often
loaded in containers that break down upon heating. This pack breakdown is another
complicated process, which will eventually have to be addressed to make any evolution
model physically realistic. Since the main purpose of this work is to study the mixing
characteristics o f the bed, this additional complication was removed by loading the
sorbent into the rotary kiln sim ulator with no container. This elim inates the random
effects of pack breakdown and yields more reproducible results.
In previous work, Owens et al. (1991) has shown that the predominant mode o f
heat transfer to the sorbent bed at relatively low temperatures is through contact with the
hot kiln wall; the other modes of heat transfer, such as surface convection with the hot gas
or radiation from the support flame and walls, are secondary. For this study, a baseline
kiln temperature of approximately 360°C was chosen. This temperature was achieved
using a non-lum inous support flame with low gas flow rates. Under these conditions,
convection heat transfer with the gas and radiation heat transfer were negligible. This
simplifies the experiment to one of single-mode heat transfer between the kiln wall and
solids.
Since the solids do not flow through the rotary kiln simulator, one can control fill
fraction simply by measuring the volume of solids fed into the system, independent of
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rotation rate. The sorbent material used in this study is commercially available calcined
montmorillonite clay, consisting o f irregular granules approximately

2

mm in diameter.

For this study, measurements were perform ed at 1.5%, 3%, 4.5%, and 6 % fill fractions.
Larger fill fractions were not studied due to their exceedingly long heat up times. The kiln
rotation rates were independently varied at 1.6 , 0.8, 0.4, and 0.2 rpm. The observed bed
motion was in the slumping regime for all conditions tested, except those at

1 .6

rpm

where rolling motion was exhibited. Because slumping and rolling motion are very
similar except for the intermittent nature of slumping, this transition should have no effect
on the mixing and heat transfer.
The experim ents were perform ed using the following procedure. Charges o f
clean, dry, room temperature sorbent each weighing 1550 grams (each representing a fill
fraction of 1.5% o f the kiln) were prepared. The kiln was empty, at a steady-state wall
temperature o f 360°C, and the rotation was set at 1.6 rpm (near its fastest setting). One
charge o f sorbent was fed into the system , yielding a fill fraction of 1.5%, and its
tem perature response was m onitored until it was near the steady-state tem perature.
Another charge was then introduced into the system on top of the hot sorbent, yielding a
total fill fraction of 3%. The bed tem peratures were again monitored until steady-state
conditions were approached. This was repeated for a third charge (yielding 4.5% fill
fraction), and a fourth charge (yielding 6 % fill fraction). After the fourth charge reached
steady state, the bed was vacuumed out and the rotation rate was decreased to

0 .8

rpm.

Four more charges were introduced in the same m anner at the new rotation rate. This
procedure was then repeated at rotation rates of 0.4 and 0.2 rpm. To approach steady
state within a few degrees generally required between 10 and 30 minutes for each charge.
During these measurement periods, the 5 thermocouple readings were recorded once
every 2.5 seconds using a M acintosh SE com puter with an Omega data acquisition
package. In all, 16 sets of data were recorded.
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D ata A nalysis
The resulting temperature traces showed some expected features, including the
observation that it takes longer to heat up the bed if the fill fraction is increased or if the
rotation rate is decreased.

H owever, there were some surprising features as well.

Oscillations in the temperature readings were observed for all conditions except the 1.5%
fill fraction data, where sorbent was charged into an empty kiln. These oscillations were
presum ably from the cold sorbent and hot sorbent alternating contact with the
thermocouples. As the hot and cold sorbent tumble within the kiln, they mix together and
the oscillation decays until the sorbent reaches a uniform tem perature.
tem perature trace is shown in Figure 7.3 for a single therm ocouple.

A typical

It was noted

further that these oscillations appear to decay more slowly at lower rotation rates, and that
their period appears to increase as the rotation rate decreases. Other observations were
that the thermocouple on the end of the rake farthest from the center of the bed often
registered little or no response from the feeding of each charge, while the thermocouple
nearest the center of the bed usually showed the greatest response. This was not totally
unexpected because each new charge of loose sorbent tends to land near the center of the
bed. Note, however, that the loading is done by hand and is subject to unavoidable
variation.
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Figure 7.3 Typicai bed temperature trace showing oscillatory response and transient
heating for kiln rotation rate of 0 . 8 rpm and 3 % fill fraction.

An exam ination o f the typical tem perature trace shows that it is com posed
primarily o f two pans. Overall, the temperature follows an exponential heat-up curve that
can be characterized by some bulk heating time constant. This time constant describes the
heat up o f the bed if the bed is assumed to be well mixed. Superimposed upon the heat
up curve is the sinusoidal oscillation with its associated period and decay constant.
Although the decay of the oscillations may be due to both mixing of the bed particles and
conduction through the bed, calculations given in Appendix B show that this decay
constant is primarily a measure o f the mixing in the bed. The period of the oscillation
appears to be representative o f the time necessary for a panicle in the bed to rotate through
the bed and return to the same position. This can also be described as the rotational
period for the bed. This is not to be confused with the slumping period associated with
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the periodic slum ps in which solids traverse the free surface of the bed, nor with the
rotational period of the entire kiln.
By combining these observed features we obtain an equation that is capable of
describing the data curves in terms of these physically meaningful variables. The function
is suitable for numerical curve fitting of the data to extract system atically the useful
information, in particular the two time constants and the bed rotational period. The
general form of the function is:

T= A + B * exp( - t / T ) + D * ( C + sin{ 2 * n * t / P + 0 ) ) * exp( -t / 0 )

(7.1)

T - temperature measured experimentally in the bed (K)
t = time (seconds)
n = 3.1415926
The fitted parameters are:
A = the final asymptotic temperature (K)
B = the maximum change in T for the exponential heat up curve (K)
C = the offset of the sinusoidal component superimposed on the curve
D = the maximum amplitude of the sinusoidal component (K)
X = the bulk heating time constant (seconds)
P = the period of the sinusoidal oscillation (seconds)
6

= the phase shift in the oscillation (±7t radians)

0

- the time constant for the decay of the oscillation (seconds)

Parameters such as the offset, C, and the phase shift,
general function to fit each tem perature curve.
com plicating quality:

0

, were introduced to allow the

The resulting equation has one

T is not a linear function of the param eters t , P, 0 , and 0.

Therefore, methods for ordinary least-squares curve fitting cannot be applied. Rather, a

205

nonlinear method presented by Press et al. (1986) was used. The subroutines developed
by Press et al. incorporate the Levenberg-M arquardt method for calculating the leastsquares parameters. The Levenberg-M arquardt method, an iterative search method, is a
hybridization of the steepest descent method and the inverse Hessian method. The
algorithm weights the results of each method to yield the greatest improvement in the fit.
Since it is a search method, it must be given a sufficiently good initial guess for each
parameter in order for the algorithm to converge, and there always remains the possibility
that a better fit does exist. However, since it is being used with experimental data that
already has some uncertainty, small improvements in the parameters will not influence the
overall results of the work.

RESULTS
The parameters obtained by fitting the experimental data show interesting trends as
functions of fill fraction and kiln rotation rate. Presentation o f these data is difficult
owing to the number o f data points and the three independent variables: rotation rate, fill
fraction, and axial location of each therm ocouple. F ig u re 7,4 shows the bulk time
constant as a function o f these three independent variables. The vertical axis is the bulk
time constant in seconds. The horizontal axis is not discrete, and is divided into four
regions containing data obtained at each kiln rotation rate. Each of these regions is further
divided into four regions containing data obtained at each fill fraction. Within each of
these fill fraction divisions are the four data points representing the four thermocouples in
order of decreasing distance from the kiln centerline. Although five thermocouples were
used in the experim ents, the one farthest from the centerline showed very little
temperature response and the general function did a poor job of fitting this data. For these
reasons, only the fitted param eters obtained from the other four therm ocouples are
included in further analysis. Some other curve fits were rejected because the fits were
poor. In particular, at slow rotation rates the fitted values of the bulk time constants (t)
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were very large and were associated with fitted values of the final asymptotic temperature
(A) much greater than the actual kiln wall temperature of 360°C, which is physically
unrealistic. This occurred because only the first 600 seconds o f the data were used in
obtaining the curve fits, and for slow rotation rates and large fill fractions the transient
temperature was not yet near its asymptotic value after only 600 seconds. Data obtained
at 1.5% fill fraction are obviously m issing all the param eters associated with the
sinusoidal component. This component was not present in the data because there was no
preexisting bed o f hot sorbent in the kiln. A very few tem perature traces exhibited
irregular or unusual behavior that could not be fit properly by the general function, and
these fit parameters were also rejected.
Consider again F ig u re 7.4 that shows the bulk heating time constant, t. The
data clearly show a strong trend of increasing t as fill fraction increases. This trend is not
unexpected, since the thermal time constant of the bed should increase as its volume to
surface area ratio increases. There is no apparent trend associated with thermocouple
location. There is also a trend o f increasing

t

as the kiln rotation rate is decreased. This

is not entirely surprising either, as the thermal time constant o f the bed should increase as
the heat transfer coefficient between the bed and kiln wall decreases. It has been observed
by others that the kiln to bed heat transfer coefficient for a well-mixed bed does decrease
as kiln rotation rate decreases (Lehmberg et al. 1977; Tscheng and Watkinson 1979).
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F ig u re 7.4 Bulk heating time constant t as a function of fill fraction, rotation rate, and
thermocouple location.

The variation o f the oscillation period P is shown in F ig u re 7.5. It is readily
seen that P increases as fill fraction increases, and increases as rotation rate decreases.
These trends also agree with the proposed source o f these oscillations. The period P
should correspond to the time for a particle to travel around the bed and return to the same
point, in other words, the rotation period of the bed. Clearly, as the kiln rotation rate
decreases, the bed rotation period increases.

As the fill fraction increases, the

circum ference of the bed also increases, causing the bed rotation period to increase.
These expected trends are consistent with the data. In fact, the rotation period o f the bed
m ay be estim ated from the fill fraction and kiln rotation rate. If one assumes that no
slippage occurs between the bed and the kiln wall, and one assumes that the time for a
particle to traverse the free surface of the bed is small, then the bed rotational period is the
length of time a point on the kiln wall is covered by the bed. This is:
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p = Otb/ 0>k

(7.2)

P = the bed rotation period (seconds)
Oifc = the kiln rotation rate (radians per second)
otb - the arc of the kiln wall covered by the bed (radians)
The otb term can be calculated from the fill fraction using the following formula;

FF = ( a b - sin( a b ) ) /

2

(7.3)

n

Kiln Rotation Rate
1.6 RPM
I i (

100

80
«

-g
o
g
JO
~

0.8 RPM
i

i

....

0.2 RPM
l r r

0.4 RPM
f

!

(S5>
...................................................... ^
-

#b

.......

60

:

o
o®

:
.

.

4 0 —■■ .......

o

Q.

S'

O

«

1

o

0

.................. .....................

■

.......................

...........

-

1

20

(£)0 O C
.

i

m e m o in e
p n o to t- n

j

j

L

1

1

j

in o in o in o in o
« (o r n ^ <D
n
% Fill Fraction

i

i

in o
o <o

Figure 7.5 O scillation period P as a function o f fill fraction, rotation rate, and
thermocouple location.

209

Both the experim ental and calculated values for P are shown in Figure 7.6.
Figure 7,7 shows the ratio, Pexperimental I pcalculated- As can be seen from both of
these figures, the calculated values are about

20

% smaller than the experimental values,

but the qualitative trends are in excellent agreement. Part o f the discrepancy may be
accounted for in the estimation of the bed fill fraction using weighed sorbent and a
previously measured density. This sorbent density, measured in a beaker, may be greater
than the sorbent density when it is loose in a moving bed, yielding fill fractions in the kiln
somewhat larger than anticipated. The neglect of the time for particles to traverse the free
surface of the bed may also account for some o f the discrepancy. One may conclude that
the rotational period of solids in a slum ping or rolling bed may be predicted with
reasonable accuracy in this relatively straightforward fashion.
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Figure 7.8 shows the variation o f the oscillation decay constant 8 . The trend is
very sim ilar to that observed in Figure 7.5 for P, although the data show more scatter.
One may postulate that the decay constant 0 is proportional to the calculated bed rotational
period P. and this is seen in Figure 7.9, where the only variation rem aining is
apparently noise. This relationship can be restated as follows: the rate of mixing in the
bed is directly proportional to the rate at which solids are turned over in the bed. From
Figure 7.9, the mean value o f the ratio of 0 / P is l.78, with a standard error of 7.5%.
This gives the following correlation:

0 - l .78 Pprcdicted

(7.4)
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A pplication o f R esults
The experimental data and the curve fitted parameters indicate that cold sorbent
introduced onto hot sorbent in a rotary kiln does indeed undergo rapid heating due to
mixing with the hot sorbent. This occurs in parallel with the bulk heating o f all parts of
the bed by the wall. Based on these observations, a simple model predicting the heating
of the cold sorbent charge can be formulated as follows:

^charge = TkUn + ( Tcoid - Tmix ) exp( -t /

Tcharge =

6

) + ( Tmix * TkUn ) exp( -t /

1

)

(7.5)

time dependent temperature of the freshly charged material

Tkiln =

•he steady temperature of the kiln walls

Tpoid =

die initial temperature of the freshly charged material (ambient)

Tmix =

the unknown temperature that the cold and hot solids would come to
after mixing in the absence of other heating

The proportions o f cold and hot sorbent mixing at a particular axial location in the
kiln are not entirely clear. The charge of cold sorbent in this study was loaded in a pile in
the center of the bed to simulate the loading of a barrel of waste in an industrial system.
Observations indicate that this raised pile of cold sorbent displaces hot sorbent in the bed
along the kiln axis. This agrees with the fact that a thermocouple 15 cm from the center
registered little or no temperature drop due to a charge of cold sorbent. It is also clear that
the cold sorbent charge does not completely displace the hot sorbent, as evidenced by the
oscillatory behavior o f the temperature traces. Therefore, some quantity o f hot sorbent
remains to be mixed with the cold sorbent charge. Preliminary evidence indicates that the
proportions of hot to cold sorbent at the charge location are approximately one to one.
For this conceptual heat transfer model it will be assumed that the hot and cold sorbent
mix in equal proportions, although further work is needed to test this assum ption.

2 1 3

W ithout any external heating, this process will result in a m ixture at the average
temperature, T m jx, of the sorbent masses. Since the hot sorbent is initially at the kiln
wall temperature and the cold sorbent is initially at ambient temperature, Tnilx will be the
average o f Tkj]n and Tc o i(j. W ith these assum ptions, the model of the temperature
response of the cold sorbent becomes:

T charge = T kiln - 0

5

( T kiln - Tcold ) 1 <*P( -»/ 0 >+ exp( -t / x ) ]

(7.6)

In this equation, 0 can be predicted using the preceding correlation directly from bed and
kiln param eters, and x can be predicted using a lum ped thermal capacitance analysis
similar to that used in previous bed m odels (Owens et al. 1991; Barr et al. 1989b). For
the pilot scale kiln with a rotation rate of

1 .0

rpm and a 5 % fill fraction, one may predict

the value of 0 to be 21 . 6 seconds and the value of x to be 225 seconds. See Appendix C
for the details o f these calculations. Since Tco]d is 20°C and T k j|n is 360°C in these
experiments, the transient response of

can be predicted from equation (7.6).

The transient response of the bed when mixing between hot and cold charges is
not accounted for is also calculated. Conceptually, this model assumes that a cold charge
o f solids enters the kiln on one end and axially displaces the hot solids. The cold and hot
masses then do not mix because axial mixing is very slow. The cold solids do mix with
themselves, allowing one to assume they are spatially isothermal as they heat up. These
are the assum ptions that are normally made for rotary kiln heat transfer models, where
steady-state solids feed is assumed. The transient response of the charge in this case is
calculated as:

^charge - Tkiln - ( Tkiln ' Tcold ) exP^

)

(7.7)

2 1 4

The results for Tc hargC predicted by equations (7.6) and (7.7) are shown in F ig u re
7.10. Notice the very sharp initial rise in temperature due to mixing, followed by a much
more gradual rise as the bed becomes well mixed. It is during this initial sharp rise in
temperature that rapid waste evolution could occur. Notice how the isotherm al bed
prediction, which also uses a value of t of 225 seconds, shows a much slower initial rise
in temperature, even though both predictions eventually approach the kiln temperature.
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F ig u re 7.10 Predicted thermal response of a charge of fresh sorbent added to the kiln
using the mixing model and using isothermal bed assumptions with no mixing.

SUM M ARY
Previous work on the heating of solids in rotary kiln incinerators has focused on
continuously fed solids where one may assume the bed is thermally uniform in the radial
direction. For the first time, a pilot-scale kiln simulator was used to make experimental
measurements o f the temperature response of solids charged onto a preexisting hot bed.
The temperature measurements yielded some indication of the mixing rate of the solids as
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a function o f kiln rotation rate and bed fill fraction, and clearly showed that initially the
bed is not thermally uniform. The data were fit to a function containing characteristic time
constants for the thermal heating and m ixing process, and these time constants were
extracted. A simple model is used to correlate the mixing time constant with the rate at
which the bed turns over. This allows the thermal history of a charge o f solids to be
predicted based upon measurable param eters of the kiln and bed. The predicted thermal
histories suggest that mixing greatly augments the initial rate o f heal transfer to the fresh
charge o f solids, and rapid evolution of volatile species could result. Much work remains
to be done to demonstrate that this approach can be applied to other systems operating
under different conditions. In particular, scaling of these results to field-scale rotary kilns
is of great importance. Further, this work does not predict the distribution o f temperature
within the charge o f solids, which may be necessary to predict accurately the evolution of
volatile species from the solids.

CH APTER 8
C O N C L U S IO N S AND R E C O M M E N D A T IO N S

SU M M A RY
Overall, this work has resulted in some important conclusions. Each chapter in
this docum ent has included the conclusions based upon that specific part of the work.
For completeness, the major conclusions are summarized here.
A review of the literature presented in Chapter 2 reveals that there are very few
published accounts of processes occurring within rotary kiln incinerators. There are a
number o f critical reviews on the general subject of incineration, but most publications
deal with incinerator em issions as m easured at the stack, with little or no mention o f
processes within the system. A number o f studies, attributed solely to the group at LSU,
document experimental measurements within a field-scale rotary kiln incinerator. A few
other groups have presented experimental work using pilot-scale rotary kiln simulators to
study specific phenom ena that occur within rotary kilns, and these groups have also
presented rudimentary models for predicting the evolution of volatile wastes from solids
in these systems. Heat transfer within rotary kilns has been relatively well studied and
documented; however, these studies have focused primarily on process rotary kilns and
not rotary kiln incinerators. The regimes of bed motion exhibited by solids in rotary kilns
have been well documented; however, the mixing of these solids is poorly characterized.
Scaling analyses for rotary kiln design and perform ance are currently very crude.
Empirical methods are used in the published accounts o f rotary kiln design; however,
detailed numerical modeling is proving itself as a powerful tool in the related area of coalfired furnace design.

2 1 6
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In Chapter 3, an experiment on a Field-scale rotary kiln incinerator is described,
and preliminary results including the O 2 response throughout the system are discussed.
Combustion o f the polyethylene packs alone was seen to have a negligible influence on
the O 2 response. Considerable air leakage into the kiln was observed when the loading
chute door was open. Vertical stratification at the kiln exit was observed, and was
decreased with the addition o f turbulence air. Observing the O 2 response in the kiln,
afterburner, and stack for individual packs indicated that small perturbations in
concentration persisted throughout the system, and were not lost due to axial mixing.
In Chapter 4, the experimental results are expanded upon. The use of ensemble
averaged responses is shown to reduce the variation associated with individual packs,
allowing easier comparison of the effects of independent variables. Gas chromatographic
data is effectively used to support the continuous analyzer data. The bed motion in these
experim ents is observed to be in the slipping regime, which appears to reduce the
influence o f kiln rotation rate on the m easured responses.

V ertical stratification is

observed in the O 2 concentration, CO 2 concentration, and gas temperature near the kiln
exit plane. The upper kiln is characterized by lower O 2 concentration, higher C O 2
concentration, and higher gas temperatures. The addition of turbulence air appears to
reduce the magnitude of stratification. Measured facility temperatures and measured gas
tem peratures do not agree well, probably because of radiation heat transfer from the
facility thermocouples.
In Chapter 5, the ensemble averaged data are used to obtain information on air
leak rates, toluene evolution rates, and to close mass balances on the toluene. Air leak
rates into the system are calculated to be between 2.8 and 3.5 times the metered air flow
rates. Cumulative toluene evolution rates are characterized by an exponential function,
with an average time constant o f 141 seconds. Good mass closure is obtained, which
appears to be independent o f the calculation method used. Overall, the mass balances and
evolution time constants are independent of both kiln rotation rate and turbulence air
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addition. This is attributed to the slipping bed motion observed during these experiments.
Comparisons are made to earlier experiments of pack-loaded xylene incineration, where
slumping bed motion was observed. The slipping motion was characterized by a single,
large magnitude spike in contaminant evolution followed by a gradual decay to baseline.
In contrast, the slumping motion was characterized by two or three maxima in evolution
rate o f smaller magnitude spread over a longer time. The results suggest that a slumping
bed may be desirable for processing of solids contaminated with high concentrations of
volatile wastes, while a slipping bed may allow greater throughput of low concentration
waste or non-volatile contaminants.
In Chapter 6 , a detailed, 3-dimensional numerical model of baseline operation in a
rotary kiln incinerator is presented. The model is compared to experimental data and,
although it is relatively crude, it demonstrates remarkably good qualitative and quantitative
predictive capability. The model demonstrates that thermal buoyancy is indeed the cause
o f the observed vertical stratification near the kiln exit. The model also suggests that the
addition o f turbulence air actually increases the degree of stratification rather than
augmenting mixing as had been suggested previously. By elucidating the mechanism by
which this occurs, the model has demonstrated its utility and resulted in a reinterpretation
of the experimental data. The model suggests that there is probably a zone of recirculation
across the kiln exit plane. A parametric study using the model suggests that the location
and quantity o f leak air have a major influence on the flow in the kiln. The study also
suggests that preheating turbulence air may have little effect on gas-phase mixing.
Overall, this modeling study has demonstrated that a relatively simple numerical model of
a rotary kiln incinerator can provide valuable insight into the process, especially when
used in conjunction with experimental data.
In Chapter 7, a study of solids mixing in the bed of a rotary kiln is presented. The
study uses a pilot-scale rotary kiln for experimental measurement of solids mixing rates as
determ ined by their temperature. The tem perature data is curve fit and the results
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demonstrate that the mixing rate is directly proportional to the rate of solids circulation
through the bed. The proportionality constant is empirically determined, however the rate
of solids circulation through the bed can be predicted theoretically. The result is a
predictive m odel for solids m ixing in a rotary kiln, and the utility of this result is
dem onstrated by an example.

The mixing of solids in the bed of a rotary kiln is

concluded to be of major importance in determining its thermal history and ultimately the
rate of contaminant evolution from the bed.

R E C O M M E N D A T IO N S F O R F U R T H E R W O R K
The research presented in this docum ent represents substantial progress toward
the goal of understanding rotary kiln incinerators and developing predictive capability for
these systems. However, it is clear that much work rem ains to be done toward these
goals. The following is a list of specific recom m endations of what work needs to be
done, based upon the results obtained in this current work.

(1)

The toluene test matrix used in this work needs to be repeated without a bed
therm ocouple, and with visual verification that slumping motion occurs. The
toluene evolution rates should be calculated using only the stack
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response to

simplify the experiment. This evolution data should be used for comparisons with
the current slipping motion data and for scaling purposes.
(2)

With good Field-scale results from the same bed motion regime (from (1)1, an
improved scaling model for contaminant evolution needs to be developed. This
may require additional pilot-scale experiments for verification.

(3)

Using a more manageable probe with velocity-measurement capabilities, the kiln
exit plane velocity field, tem perature field, and concentration field should be
measured. This test is needed to obtain a map o f conditions over the entire kiln
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exit plane, not just at two points. This data will be extremely useful for detailed
numerical model verification.
(4)

Prelim inary tests to determ ine the influence o f pack size and com position on
evolution rate are needed. Again, the evolution rate should be calculated using
only the stack O 2 response to simplify the experiment. If a packaging means can
be found that reduces the peak evolution rates, the potential benefit to the industry
may be tremendous.

(5)

This study has focused on a single field-scale rotary kiln incinerator designed a
num ber of years ago.

A survey of rotary kiln m anufacturers is needed to

determine what design features are being implemented today, what features are
com m on among m ost m odern rotary kiln incinerators, and what innovative
features are available. This is needed to address the ongoing applicability of this
work, and to begin to generalize the results to incinerators other than the one
studied in detail.
(6 )

The detailed 3-D numerical model of a rotary kiln incinerator should be refined. A
finer grid needs to be implemented, and radiation heat transfer must be included in
the formulation. Together with a detailed experimental map of the kiln exit plane,
this model may be verified and used to elucidate finer features of the flow in the
kiln, in particular the sources and influence of leak air.

(7)

A preliminary transient numerical model needs to be formulated to address the
influence o f contaminant evolution and combustion on the flow and temperature
field. Initially, to make the problem tractable, this model should retain a coarse
grid and neglect radiation heat transfer. As software and hardware improve, it
may be refined as in (6 ) to produce a very powerful and realistic model. This
model should yield substantial insight into the dynamics of pack combustion in a
rotary kiln incinerator.

221

(8 )

The empirical model of solids mixing in a rotary kiln needs to be expanded. In
particular, the influence of particle size and shape, and the appropriate scaling
parameters, should be determined. The effect o f initial charge distribution on the
mixing process needs to be addressed. Similar data from a different-sized kiln
needs to be obtained to verify the general applicability o f the empirical model and
the scaling parameters. Finally, this mixing model should be incorporated into
heat and mass transfer models of the contaminated bed to provide more realistic
predictive capability for contaminant evolution.
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9 . 4488E-01
1 . 1549E+00
1 . 1 549E+00
1 . 3648E+00
1 . 364BE+00
1 . 5748E+00
1.5748E+00
1 -7848E+00
1.7848E+00
1 . 9947E+00
1 . 9947E+00
2 . 2047E+00
2 . 2047E+00
2.4147E+00
2 . 4 1 4 7E+00
2 . 6247E+00
2.6247E+OQ
2 . 6346E+00
2 . 8346E+00
3 . 0446E+00
3 . 0446E+00
3.2546E+00
3 . 2546E+00
0 .OOOOE+OO
3 . 4646E+00
0 . OOOOE+OO
3 . 6745E+00
0 . OOOOE+OO
3 . 8 8 4 5E + 00
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 .OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 .OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 , OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 .OOOOE+OO
0 . OOOOE+OO

36

Z—GRI D
- 1 . 9118E-01
1 . 9 1 18E-01
5 . 7353E-01
9 . 5588E-01
1 . 3 3 8 2 E + 00
1 . 7206E+00
2 . 1029E+00
2 . 4853E+00
2 . 8676E+00
3 , 2500E+00
3 , 6324E+00
4 . 0147E+00
4 . 3 9 7 1E+00
4 . 7794E+00
5 . 1618E+00
5 . 5441E+00
5 . 9265E+00
6 . 30B8E+00
6 . 6912E+00
7 . 0735E+00
7 . 4559E+00
7 . 8382E+00
8 . 2206E+00
0 . 6 0 2 9 E + 00
8 . 9S53E+00
9.3676E+00
9 . 7500E+00
1 . 0 1 3 2 E + 01
1 . 0515E+01
1 . 0897E+01
1 . 1279E+01
1 .1662E+01
1 . 2044E+01
1 . 2426E+01
1 . 2 8 0 9 E + 01
1 . 3 1 91E+01

..................P O S I T I V E F A C E S ...................
Z-GRID
X-GRID
Y- GR I D
0 . OOOE + OO
0 . OOOE+OO
0 . OOOE+OO
2 . 100E-01
3 . 824E-01
2 . 100E-01
4 . 199E-01
4 . 199E-01
7.647E-01
1 . 147E+00
6 . 299E-01
6 . 299E-01
8 . 399E-01
8 . 399E-01
1 . 529E+ 00
1 . 050E+00
1 . 050E+00
1 . 912E+00
1 . 260E+00
2 . 294E+00
1 . 260E+00
2 . 676E+00
1 . 470E+00
1 . 4 70E + 00
1 . 680E+00
3.059E+00
1 , 680E+00
1 . 890E+00
1 . 890E+00
3 . 441E+00
2 . 100E+00
3 . 824E+00
2.100E+00
2 . 310E+00
4 . 206E+00
2 . 3 1 OE+OO
2 . 520E+00
4 . 588E+00
2 . 520E+00
4 . 971E+00
2 . 730E+00
2 . 730E + 00
2 . 940E+00
5 . 353E+00
2 . 940E+00
5 , 735E+00
3 . 150E+00
3 . 1 50E+ 0 0
3 . 255E+00
3 . 360E+00
6 . 1 18E+00
3 . 570E+00
6 . 500E+00
0 .OOOE+OO
6 , 882E+00
0 . OOOE+OO
3 . 7 80E+ 00
3 . 885E+00
7 . 265E+00
0 . OOOE+OO
7 . 647E+00
0 .OOOE+OO
0 . OOOE+OO
8. 029E +00
0 . OOOE+OO
0 . OOOE+OO
0 . OOOE+OO
8 . 412E+00
0 . OOOE+OO
0 . OOOE+OO
8 . 794E+00
0 . OOOE+OO
0 . OOOE+OO
9 . 176E + 00
0 . OOOE+OO
0 . OOOE+OO
9 . 559E+00
0 . OOOE+OO
9 . 941E+00
0 . OOOE+OO
0 . OOOE+OO
1 . 0 32E+01
0 . OOOE+OO
0 , OOOE+OO
0 . OOOE+OO
1 . 071E+01
0 . OOOE+OO
0 . OOOE+OO
1 . 109E+01
0 . OOOE+OO
0 . OOOE+OO
1.147E+01
0 . OOOE+OO
0 . OOOE+OO
0 . OOOE+OO
1 . 183E+01
1 . 2 2 4 E + 01
0 . OOOE + OO
0 . OOOE+OO
1 . 262E+01
0 . OOOE + OO
0 . OOOE+OO
1 . 300E+01
0 . OOOE+OO
0 . OOOE+OO
0 . OOOE+OO
1.319E+01
0 . OOOE+OO
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CELL TYPES -

K -

1

I

20
19
IS
17
16
16
14
13
12
11
10
9
8
7
6
5
4
3
2
1

2
4
6
8
10
12
14
16 - I
N2M2M2M2N2M2M2M2M2M2N2N2M2N2M2N2N2
M2M2M2H2M2W2W2W2W2H2M2H2W2N2H2W2H2
N2N2M2H2M2M2N2N2H2N2N2M2M2M2N2W2W2
H2M2N2H2H2W2N2N2H2N2W2N2H2W2W2M2W2
W2N2H2N2H2M2M21 5 1 5I5H2M2M2W2M2M2W2
N2 H 2 W2 M 2 N 2 I 5 I 5 W2 W2 M2 I 5 1 5N2M2W2H2H2
M2H2W2N2I 5N2M2W2M2H2M2N2I 5H2N2W2H2
H 2 W 2 N 2 I 5 1 8W2W2M2M2W2N2W2W2I5N2W2W2
M2W2I5H2W2W2W2H2M2W2W2N2M2W2I5H2W2
W2W2I 5H2N2M2M2H2H2W2M2W2M2I 1I 5W2W2
M2I5M2M2M2M2H2M2M2M2N2N2M2N2H2X 5H2
M2 I 5 M 2 I A W 2 W 2 I 4 I 4 I 4 I 4 1 4 H 2 W 2 I 2 M 2 I 5 H 2
M215H2H2M2W22 4 1 4 1 4 1 4 1 4 M2H2H2M215M2
W 2 W 2 I 5 H 2 H 2 H 2 I 4 1 4 1 4 I 4 I 4 H 2 N 2 I 3 1 5W2W2
M 2 H 2 I 5 H 2 M 2 M 2 I 4 1 4 1 4 1 4 14H2H2W215W2W2
H 2 H 2 H 2 I 5 W 2 W 2 I 4 I 4 I 4 I 4 I 4 M 2 I 9 1 5W2W2W2
H2N2W2W21 5 H 2 I 4 I 4 I 4 I 4 I 4 M 2 I 5 W 2 W 2 W 2 W 2
H 2 N 2 H 2 M 2 H 2 I 5 1 5 H 2 M 2 H 2 I 5 I 5 W 2 H 2 H2 H 2 H 2
M2M2H2W2M2W2H21 5 1 5 1 5W2W2H2W2W2W2W2
M2M2M2M2M2M2M2M2N2M2M2N2M2N2M2H2M2
r
2
4
6
8
10
12
14
16 - I

K -

J

1“

J

2

2
4
6
0
10
12
14
16 - I
W1W1W1W1W1W1W1W1W1W1W1W1W1W1W1W1W1
H1W1H1N1W1H1H1H1H1H1H1H1H1H1N1H1H1
MI MI WI MI MI WI WI WI MI WI WI HI WI WI WI MI WI
W1H1M1W1W1H1W1H1W1W1W1W1W1W1W1W1W1
. . WIWIWIWIWIWIMI
wiw iw iw iw iw im
M I H l M l Wl Wl . .
. . . . H1 H1 H1 H1 H1
W1W1W1W1 . . .
........................W1W1W1W1
W1W1W1 . . . .
............................. W1W1W1
W 1 W 1 .......................
................................... W1W1
.......................... W1W1
M 1 W 1 .................
M l .............................
......................................... Ml
......................................... Ml
M l .............................
M l .............................
.........................................Ml
M 1 W 1 ........................
................................... W1W1
M 1 W 1 ........................
................................... W1W1
............................. W1W1W1
MI NI MI . . . .
........................W1W1W1M1
4
W1H1H1W1 . . .
3 W1W1W1W1W1 . .
. . . . WI WIWIWIWI
. . MI MI KI WI WI H I WI
2
H1H1H1H1 H1 H1 H1
1 MIHINIHIHIHIHIHIHIHIHIHIHIHIMIHIMI
I
8
2
4
6
10
12
14
16 - I

20
19
18
17
16
15
14
13
12
11
10
9
8
7
6
5

J
20
19
18
17
16
15
14
13
12
11
10
9
8
7
6
5
4
3
2
1
J

J
20
19
18
17
16
15
14
13
12
11
10
9
8

7
6

5
4
3
2
1

J
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K -

J

I-

2
4
6
8
10
12
14 16 - I
HIHIHIHIHIW IHIHIHIHIHIHIHIHIHIHIHI
WI HI WI H I HI H I WI H 1 H 1 H 1 H 1 H 1 W1 H 1 H 1 H 1 H 1
HIH IHIHIHIHIHIW IHIHIHIHIWIHIM IWIHI
H1H1H1H1H1H1H1H1H1H1H1H1H1W1W1W1H1
N l H l H l H l H l H l H l . . , H1 H1H1H1H1 H1 H1
H1H1H1H1H1
H1 H1H1H1H1
N1H1H1H1
W1H1W1W1
H1H1H1
H1W1H1
M1H1
H1W1
H1H1
W1W1
H i
Ml
H i
HI
H I
W1
H lH l
W1W1
H lH l
W1W1
H IH 1H 1
W1W1H1
H1W1W1W1
W1H1H1W1
W lW lNlW lW l
W1H1W1H1H1
H I H I N I W I W I N I H I . . .W1W1H1HIW1W1W1
H1H1H1H1H1W1W1W1H1W1W1H1W1W1H1H1W1
1- 2
4
6
0
10
12
14 16 - I

20
19
IB
17
16
15
14
13
12
11
10
9
8
7
6
5
4
3
2
1
J

J

20
19
18
17
16
15
14
13
12
11
10
9
8
7
6
5
4
3
2
1
J

K—4 THROUGH K - 2 8 ARE I DE NT I C AL TO K - 3

K I20
19
18
17
16
15
14
13
12
11
10
9
B
7
6
5

4
3
2

1
I

29

2
4
6
8
10
12
14
16 - I
WI WI HI WI HI WI WI WI HI WI HI MI WI WI WI WI WI
W1W1W1W1W1W1W1W1WIH1W1W1H1W1HIW1HI
W1W1N1W1N1W1H1H1W1H1H1H1N1H1H1H1H1
W1W1H1W1H1N1W1H1N1W1W1H1HIH1H1W1W1
H 1 H 1 H1 H 1 H 1 1 7 1 7 . . . I 7I 7W1W1H1W1W1
W1W1H1W1I7 . ,
. . . . I 7W1H1 W1H1
H i H I H I 17 . . .
....................... I7W1H1W1
H1H1I7 , . . .
W 1 I 7 ........................
................................... I 7 H 1
H i 1 7 .......................
.............................. H I
H I .............................
H I .............................
.............................. HI
H i .............................
H i 1 7 .......................
................................... 1 7 w l
H I 1 7 ........................
H1H1I7 . . . .
H1N1H117 . . .
H1H1H1H117 . .
. . . . I7W1H1W1H1
H1 H1 H1 W1 W1 I 7 1 7 . . . I 7 I 7 H 1 H 1 H 1 W1 W 1

H1H1H1H1H1H1H1H1H1H1N1H1H1H1H1H1H1
2
4
6
e
10
12
14
16 -1

J

20
19
10
17
16
15
14

13
12
11
10

9
8
7

6
5
4
3
2
1

J
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K J

I20
19
15
17
16
15
14
13
12
11
10
9
B
7
6
5
4
3
2

2
4
6
8
10
12
14
16 - I
B O O O O O O O O O O O O O O OH3
3 ...................................................................................H3
3
W3
3
W3
3
M3
3
M3
3
M3
3 ...................................................................................M3
3
M3
3
M3
3
M3
3 ...................................................................................M3
3 ...................................................................................M3
3 ...................................................................................M3
3 ................................................................................... M3
3 ................................................................................... M3
3 ................................................................................... M3
3 ...................................................................................H3
3 ...................................................................................M3

J
20
19
IB
17
16
15
14
13
12
11
10
9
8
7
6
5
4
3
2

M 3 I6 I6 I6 I6 1 6 I6 I6 I6 I6 I6 I6 I6 I6 1 6 I6 M 3
2
4
6
B 10
12
14
16 - I

1
J

M
H
H
H
W
M
M
M
M
M
M
M
M
M
M
M
M
M
M

1
J

I-

K -31

THROUGH K -3 5 ARE IDENTICAL TO K -3 0

K I

20
19
18
17
16
15
14
13
12
11
10
9
8
7
6
5
4
3
2
1

30

36

2
4
6
8 10
12
14
16 - I
H3H3N3M3H3H3H3H3H3N3H3M3H3H3M3H3M3
H3H3H3H3H3H3H3H3M3H3H3H3W3W3H3W3M3
H 3H 3N 3H 3H3N 3W3H 3H3W 3M3M3M3H 3M3M 3W3
M3H3H3H3H3H3H3M3M3H3H3H3H3M3H3M3H3
W3W3N3W3W3W3W3H3W3H3H3M3H3H3H3H3H3
M3H3H3H3H3H3H3H3M3H3H3H3H3H3M3M3H3
H3H3H3M3H3H3H3H3M3H3H3W3H3H3H3M3H3
M3N3W3N3H3W3H3H3H3W3H3H3H3H3H3N3H3
M3H3H3W3H3H3W3H3H3W3W3H3H3W3W3W3W3
M3M3H3N 3W3M3M 3M3M3M3M3M3M 3M3M3M3W3
N3H3H3H3N3H3H3H3M3H3H3H3H3M3H3H3N3
M3M3M3H3N3M3H3N3H3H3H3M3M3M3M3M3N3
H3H3M3M3M3H3H3H3N3H3H3H3H3H3H3H3H3
H3H3M3H3M3M3H3H3M3H3H3H3H3H3H3M3H3
H3H3H3H3H3H3H3H3H3H3M3M3H3H3H3M3H3
M3H3H3H3N3H3M3H3H3H3H3M3H3H3M3H3W3
N3M3M3M3M3M3M3N3M3M3M3M3M3M3N3M3M3
H3H3H3M3H3M3H3M3H3H3H3M3H3H3H3M3H3
H3H3H3H3H3H3H3H3H3H3M3M3H3N3H3N3H3
M3H3H3N3H3H3H3N3H3M3H3H3H3H3M3H3H3
I
2
4
6
8 10
12
14
16 - I

J
20
19
18
17
16
15
14
13
12
11
10
9
8
7
6
5
4
3
2
1
J

2 3 4

-

CHEMICAL S P E C I E S D E F I N I T I O N S

-

TOTAL NUMBER OF CHEMICAL S P E C I E S
NUMBER OF GAS PHASE S P E C I E S
NUMBER OF SURFACE S P E C I E S
NUMBER OF S P E C I E S EQUATIONS SOLVED

SPECIES
NUMBER
1
2
3
4
5

6

SPECIES
NAME

SPECIES
TYPE

N2
02
CH4
C02
H20
I NERT

GAS
GAS
GAS
GAS
GAS
GAS

PHASE
PHASE
PHASE
PHASE
PHASE
PHASE -

REACTION STOICHIOMETRY D E F I N I T I O N -

SPECIES
NAME
N2
02
CH4
C02
H20
I NE R T

-

REACTION
NO. I
0 . OOOE+OO
2 . OOOE+OO
1 . OOOE+OO
- 1 . OOOE+OO
- 2 . OOOE + OO
0 . OOOE+OO

REACTION RATE CONSTANTS -

PARAMETER
TYPE
LAW
ARRHENIUS
PRE-EXP.
ACTI VATI ON
ENERGY
TEMP. E X P .
CONSTANT-A
CONSTANT- B
S P E C . EXP .
N2
02
CH4

REACTION
NO. 1
GAS PHASE
ARRH./MIX.
1 . 000E +I 2
1 . OOOE+02
0 . OOOE+OO
4 . OOOE+OO
5 . OOOE-Ol
N/ A
1 . OOOE+OO
1 . OOOE+OO

-

6
6
0
5

(NOT SOLVED)

235
-

VELOCI TY/ TURBULENCE BOUNDARY C ONDI T I ONS ZONE
HI
W2
W3
11
12
13
14
15
16
17
18
19
IA

-

U- VELOCI TY
0
0
0
-1
-2

-1
0
0
0
0
0
0
0

V - V E L OCI T Y

W-VELOCITY

TURB. K . E .

K.E.

DISSP

. OOOOE+OO
0 . OOOOE+OO
0 . 0000E+00
. OOOOE+OO
0 . OOOOE+OO
. OOOOE+OO
.4153E+Q0 - 5 . 1 7 4 0 E - 0 1
. 7232E-01
0 . OOOOE+OO
. 4093E+00
5 . 1522E-01
. OOOOE+OO
0 , OOOOE+OO
. OOOOE+OO
0 . OOOOE + OO
, OOOOE+OO
1 . 6055E-0I
0 .OOOOE + OO
. OOOOE+OO
0 . OOOOE+OO
. OOOOE+OO
0 . OOOOE+OO
. OOOOE+OO
. OOOOE+OO
0 . OOOOE+OO

0 . OOOOE+OO
0 .OOOOE+OO
0 .OOOOE+OO
7 .4172E+00
1 . 4272E+O0
7 , 3860E+00
1 . 0695E+00
6 . 5712E-01
0 . OOOOE+OO
8 . 4487E-01
0 . OOOOE+OO
0 . OOOOE+OO
2 . 4553E-01

SET
SET
SET
8 . 5928E-01
3 . 1666E-02
8 . 5207E-01
1 . 7157E-04
6. 4771E-05
3 . 8664E-06
1 . 0707E-04
0 .OOOOE+OO
0 . OOOOE+OO
9 . 0 42 7 E - 0 6

SET
SET
SET
1 . 5783E+Q1
1 . 1166E-01
1 . 5585E+01
8. 1 3 0 4 E - 0 6
1 . 7215E-06
1.1768E-08
1, 3 47 9 E - 0 5
0 . OOOOE+Ol
0 . OOOOE+Ol
5. 3 B 8 2 E -0 7

CHEMICAL S P E C I E S BOUNDARY CONDI TI ONS 2 ONE
HI
H2
W3
11
12
13
14
15
16
17
18
19
IA

-

N2
LI NK CUT
L I NK CUT
LI NK CUT
6 . 8687E-01
7 . 6915E-01
6 . 0875E-O1
7 . 6 9 1 5E-01
7 . 6 9 1 5E-01
7.6915E-01
7 . 6915E-01
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO

LI NK CUT
LI NK CUT
LI NK CUT
2 . 0616E-01
2 . 3085E-01
2.0672E-01
2 . 3085E-O1
2 . 3085E-01
2 . 3085E-01
2 . 3O05E-O1
0 . OOOOE+OO
0 .OOOOE+OO
0 . OOOOE+OO

TEMPERATURE BOUNDARY CON DI T I ONS ZONE
HI
H2
H3
11
12
13
14
15
16
17
18
19
IA

-

02

TEMPERATURE
8 . 0 0 0 0 E + 02
a . OOOOE + 02
4 . 0000E+02
3 . 0754E+02
3 . 0600E+02
3 , 0727E+02
3 . 1 OOOE+02
4 . OOOOE+02
3 , 1 OOOE+02
4 , 0000E+02
8 . OOOOE+02
8 . OOOOE+02
4 . 3300E+02

GRAVI TATI ONAL ACCELERATI ONS X - 0 . OOOE+OO
Y — 9.810E+00
Z - 0 , OOOE+OO

CH4
L I NK CUT
LI NK CUT
LI NK CUT
9.2082E-02
0 . OOOOE+OO
9.2267E-02
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 .OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO

C02
LI NK CUT
L I NK CUT
L I NK CUT
0 . OOOOE+OO
0 , OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 . 0000E+00
0 . OOOOE+OO
0 . OOOOE+OO
0 , OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO

H20
LI NK CUT
LI NK CUT
LI NK CUT
1 . 4884E-02
0. 0000E+00
1 . 2 6 0 0 E - 02
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 . 0000E+00
0 . OOOOE+OO
1 . OOOOE+OO

- TURBULENCE MODEL CONSTANTS
CD
Cl
C2
CMU
RSMCD
-

-

5 . 5E-01
1 . 4E+00
1 . 9E + 00
9.0E-02
1 . 0E+00

-

-

WALL FUNCTION TURBULENCE MODEL CONSTANTS
HALL ZONE

HI
H2
W3

CAP PA
4 . 187E-Q1
4.187E-01
4 . 1 B 7 E —01

ELOG
9 . 793E+G0
9 . 793E+00
9 . 793E+0Q

USER DEFI NED PHYSI CAL MODELS

NON-NEWTONIAN FLUI D

NO

USER DEFI NED P R O P E R T I E S

-

FL UI D V I S C O S I T Y
FL UI D DENSI TY
F L U I D S P E C I F I C HEAT
F L UI D THERMAL CONDUCTI VI TY
TURBULENT V I S C O S I T Y

-

-

NO
NO
NO
NO
NO

USER DEFI NED SOURCE TERMS

X-MOMENTUM EQUATION
- NO
Y-MOMENTUM EQUATION
- NO
2-MOMENTUM EQUATION
- NO
PRESSURE CORRECTION EQUATION
- NO
TURBULENT K . E . EQUATION
- NO
TURB. K . E . D I S S I P A T I O N EQUATION - NO
ENTHALPY EQUATION
- NO
S P E C I E S EQUATIONS
- NO

-

USER STARTUP SUBROUTINE

-

USER DEFI NED ADJUSTMENTS -

X-MOMENTUM
X-MOMENTUM
X-MOMENTUM
X-MOMENTUM

EQUATION
EQUATION
EQUATION
EQUATION

-

NO
NO
NO
NO

I S NOT ACTI VE -
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PROPERTY CALCULATION O P T I O NS COMPOSI TI ON DEPENDENT
COMPOSI TI ON DEPENDENT
COMPOSI TI ON DEPENDENT
ANY PROPERTY COMPUTED
ENABLE USER S P E C I F I E D

VISCOSITY
THERMAL CONDUCTI VI TY
S P E C I F I C HEAT
USI NG K I N E T I C THEORY
MI XI NG LAWS

DENSI TY I S COMPUTED FROM THE I DEAL GAS
THE OPERATI NG PRESSURE - 1 . 0 1 3 3 E + 0 5

-

-

NO
NO
YES
NO
NO

LAW

S P E C I E S MOLECULAR WEIGHTS
SPECIES
NAME

N2
02
CH4
C0 2
H20
I NERT

MOLECULAR
WEIGHT
2 .8000E+Q1
3 . 2DQ0E + 01
1 .6000E+01
4 . 4 0 0 0 E + 01
1 . BOOOE+Ol
2 . 8000E+01

- MIXTURE V I S C O S I T Y D E F I N I T I O N V I S C , - 4 . 2 0 4 E - 0 6 + 5 . 5 5 5 E - 0 8 + T * * 1 - 2 . 5 1 8 E - 1 1 *T + * 2 + 9 . 0 7 4 E - 1 5 + T + +3
-

S P E C I F I C HEAT D E F I N I T I O N -

S P E C I F I C HEAT FOR N2
CP
9.755E+02

+ 1 . B69E-01*T**1

- 1 . 4 9 5 E - 07 *T * * 2

SPECIFIC
CP

HEAT FOR 0 2
8 . 0 4 4 E + 02

+ 4 . 059E-01*T* * 1

- 1 . 2 08E-04+T+*2

S P E C I F I C HEAT FOR CH4
CP
8 . 8 4 7 E + 02

+ 4 . 7 2 2 E + 0 1 + T * *1

- 1 . 1 2 5 E -03*T**2

SPECIFIC
CP

HEAT FOR C 0 2
5 , 9 1 3E+01

+ 9 ,8 92E-01*T* * 1

- 3 , 37 3 E - 0 4 * T + * 2

SPECIFIC
CP

HEAT FOR H2D
1.688E+03

+ 5 . 34 5 E - 0 1 + T + + 1

+ 6 , 5 8 3 E - 0 5 * T * *2

SPECIFIC
CP

HEAT FOR I NERT
9 . 7 5 5 E + 02

+ 1 . 869E-01*T**1

- 1 . 495E-07*T**2

ENTHALPY REFERENCE TEMPERATURE -

K -

2 . 9900E+02

- MIXTURE THERMAL CONDUCTI VI TY D E F I N I T I O N 3 . 089E-02 - 6 , 055E-05*T**1 + 2 , 0 4 6 E -0 7 * t **2 -

1 . 160E-18*T+ + 4

FORMATION ENTHALPY INFORMATION SPECIES
NAME

N2
02

CH4
CO 2
H20
I NERT

FORMATION
ENTHALPY
0 . OOOOE + OO
0 . 0000E +00
-7.4873E +07
- 3 . 9 3 5 2 E + 08
- 2 . 4 1 8 3E+08
0 . OOOOE+OO

REFERENCE
TEMPERATURE
2 . 9800E+02
2 . 9800E+02
2 . 980QE+02
2 . 9800E+02
2 , 9 8 OOE+ 02
2 , 9800E+02

1 . 3 4 2 E - 1 0 * T * * 3 + 2 , 98 4 E - 1 4 +T* * 4
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SOLUTION CONTROL PARAMETERS SOLVER MARCHING D I R .
- Y-DIRECTION
SOLVER SWEEP D I R .
Z-DIRECTION
ALTERNATE SWEEP D I R .
NO
SOLVER AC C E L . FACTOR
1 . 00
SOLUTION METHOD
SI MPLEC
- NO
PATCH OPTI ON
NO
CONVERG/ DI VERG CHECK
- YES
NORMALIZE R E S I D S .
CONTI NUI TY CHECK
YES
RESET OPTI ON
YES
REYNOLDS STRESS MODEL - YES
MONITOR SOLVER
NO
COMPRESSI BLE FLOW
NO
C OMP . / V AR. V I S . TERMS - NO
VI SCOUS D I S S I P A T I O N
NO
BLOCK CORRECTION
YES
SECOND RELAXATION FACTORS ON AFTER 3 2 0 0 0
D I F F E R E N CI NG SCHEME

-

QUADRATIC UPWIND

I T E R A T I ON S
(QUI CK)

REFERENCE PRESSURE LOCATION :
I 0
J 2
K 2

VARIABLE
PRESSURE
U- VELOCI TY
V- VEL OCI T Y
W- VELOCI TY
TURB. K . E .
K.E. DISS.
ENTHALPY
BLOCK COR.
N2
02
CH4
C02
H20
PROPERTIES
VISCOSITY
TEMPERATURE

SOLVED

NO.

YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
N/A
N/A

SWEEPS

UNDERRELAX 1

UNDE RRE LAX 2

30

6 . 0000E-01
3 ,0 0 0 OE-01
3 , OOOOE-Ol
3 . OOOOE-Ol
3 . OOOOE-Ol
3 . OOOOE-Ol
6 . OOOOE-Ol
6 . OOOOE- Ol
6 . OOOOE-Ol
6 . OOOOE-Ol
■OOOOE-Ol
. OOOOE- Ol
. OOOOE- Ol
N/A
. OOOOE- Ol
, OOOOE- Ol

S . 0000E-02
2 . OOOOE- 02
2 . 000OE-02
2 . OOOOE- 02
2 . OOOOE- 02
2 . 0000E-02
2 . OOOOE—02
3 . OOOOE- Ol
2 , 0G00E-02
2 . 0000E-02
2 . OOOOE- 02
2 . OOOOE- 02
2 . OOOOE- 02
N/A
2 . OOOOE- 02
3 , OOOOE- 02

8
8
8

e
e
30
N/A
2
8

8
8
8
N/A
N/A
N/ A

TI ME DEPENDENCE TI ME STEP LENGTH (SECONDS)
MAXIMUM NUMBER OF I T E RA T I ON S PER STEP
MINIMUM RESI DUAL SUM (TO T R I P STEP)
MINIMUM ENTHLAPY RESI DUAL (TO T R I P S T E P )
AUTO SAVE

2 . 50000E-01
20
1 . 000E-Q3
1 . OOOE - 0 6
NO
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TA -O N B A S E L IN E C A S E
Only the differences in model specifications are listed. All other specifications are
identical to the TA-off Baseline Case.
-

VELOCI TY/ TURBULENCE BOUNDARY C ONDI T I ONS ZONE
111
HZ
W3
11
12
13
14
15
16

n

18
19
IA

-

U- VELOCI TY

V- V EL OC I T Y

W- VELOCI TY

TURB.

0 . OOOOE+OO
0 . OOOOE+OO
0 . 0 0 00E- +00
0 . OOOOE+OO
0 . 0000E+00
0 .OOOOE+OO
-1 . 4826E+00 - 5 . 4203E-01
-2 . 7232E-01
0 .OOOOE+OO
-1.5468E +00
5 . 6547E-D1
0 . 0000E+00
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
2 . 1343E-01
0 .0000E+00
0 . OOOOE+OO
1 . 32B9E+00
3 . 2083E+00
- 6 . 4 927E+00
2 . 6S94E+00
0 . OOOOE+OO
0 . 0000E+00

0 .OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
7 , 7703E+00
1 . 4272E+00
8 . 1 064E+0Q
1 . 4217E+00
0 . 7357E-01
0 . OOOOE+OO
1 . 1232E+00
8 . 2692E+00
8 . 2 6 9 2 E + 00
2 . 4553E-01

SET
SET
SET
9 . 4305E-01
3 . 1665E-02
1 . 0264E+00
3 . 0 3 2 0 E - 04
1 . 1 447E-04
6 . 8320E-O6
1 . 8922E-04
1 . 2066E+00
1 . 7665E+00
9 . 0425E-06

K .E.

K.E.

DISSP

SET
SET
SET
1 . 8 1 47E+01
1 . 1165E-01
2 . 0 6 0 4 E + 01
1 . 9 1 OOE-05
4 . 0446E-06
2 . 7645E-0B
3 . 1667E-05
2 . 6262E+01
4 . 6524E+01
5 . 3880E-07

CHEMICAL S P E C I E S BOUNDARY C ONDI T I ONS ZONE
HI
H2
H3
11
12
I 3
14
15
16
17
18
19
IA

-

N2
L I NK CUT
L I NK CUT
L I NK CUT
6 . 6915E-01
7 . 6915E-01
6 . 4994E-01
7 . 6915E-01
7 . 6915E-01
7 . 6 9 1 5E-01
7 . 6915E-01
7 . 6915E-01
7 . 6 9 1 5E-01
0 . OOOOE+OO

02
LI NK CUT
LI NK CUT
LI NK CUT
2 . 0084E-01
2 . 3085E-01
1 . 9508E-01
2 , 3 0 8 5E * 01
2 . 3085E-01
2 . 3085E-01
2 . 3085E-01
2 . 3085E-01
2 . 3085E-01
0 . OOOOE+OO

TEMPERATURE BOUNDARY CONDI T I ONS ZONE
HI
H2
H3
11
12
13
14
15
16
17
10
19
IA

TEMPERATURE
8 . OOOOE+02
8 . OOOOE+ 0 2
4 . OOOOE+02
3 , 0729E+02
3 . 0600E+02
3 . 0692E+02
3 . 1 OOOE+02
4 . 0000E+02
3 . 1000E+02
4 . 0000E+02
3 . 0600E+02
3 . 0600E+02
4 . 3 3 0 0 E + 02

CH4
LI NK CUT
LI NK CUT
LI NK CUT
1 . 1569E-01
0 . OOOOE+OO
1 . 4 32 9 E - 0 1
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO

CO 2
LINK CUT
LI NK CUT
LI NK CUT
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 , OOOOE+OO
0 . 0000E+00
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO

H20
LI NK CUT
LI NK CUT
LI NK CUT
1 . 4318E-02
0 . 0 000E +00
1 . 1696E-02
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 . OOOOE+OO
0 .OOOOE+OO
0 .0000E+00
1 . OOOOE+OO

A P P E N D IX B

P H Y S IC A L M EA N IN G O F 0

The time constant 0, used to describe the decay o f the temperature oscillation, is
the result of a combination o f effects. The difference in temperature between the hot and
cold sorbent m asses is reduced by conduction through the bed over a length o f
approximately one bed thickness, and by physical mixing o f the sorbent followed by heat
conduction between particles over a length of approximately one particle diameter. Since
the proposed conceptual model does not delineate these two effects, this difference is not
important to the model implementation. However, the importance o f physical mixing as
opposed to static heat conduction can be demonstrated. The measured sorbent thermal
conductivity, k, specific heat,

Cp,

and density, p, are (Owens et al. 1991):

k = 0.174 W/m-K
cp = 1000 J/kg-K
p = 650 kg/m 3

Assume that equal charges of cold and hot sorbent are brought together with no
mixing in two layers evenly distributed in the bottom of the kiln. Further assume this is
done at the 3% Fill fraction, yielding an approximate bed thickness of 2.6 cm. Assume,
for demonstration purposes, that this situation can be approximated by a slab geometry
and that the boundaries are insulated; that is there is no heat exchange with the kiln. This
problem is summarized in F ig u re B .l.
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Cold Sorbent
(Initially at T

Exposed Surface
(Assumed Insulated)

LV2

Hot Sorbent
(Initially at T j^ ln )

i

Z

Kiln Wall
(Assumed Insulated)

Figure B.l Slab geometry for estimate o f heat conduction characteristic time.

The governing equation for the tem perature of the bed is the one-dimensional
transient heat conduction equation. Due to symmetry, the boundary condition at the
interface between the hot and cold parts of the bed is the average of the initial hot and cold
bed temperatures, T ave- The transient response of the temperature at the upper edge of
the cold bed (x = L/2) given by Carslaw and Jaeger (1959) is:

- a ( 2 n + l ) 2n t

. f|2n + I | n x l
S,nt ~ “ L
J

( B. l )

242

For relatively large times, the solution can be approximated as the first term of the series.
In this case, the characteristic time for a point at x = 172 is:

T

= L2 / ( a 7 t 2 )

(B.2)

Using the bed parameters given above, x is 262 seconds. For this value o f time the oneterm approximation is very good. This characteristic time is larger than any decay
constant, 0, measured experimentally. In fact, for rotation rates of 0.4 rpm and higher,
the characteristic bed conduction time is at least an order of magnitude greater than the
measured decay time constant. This would imply that the observed decay in temperature
fluctuations is due almost entirely to particle mixing. At very slow rotation rates the bed
conduction characteristic time and the observed decay time constant become of the same
order o f magnitude, and conduction through the bed may contribute significantly to the
decay o f the temperature fluctuations.

A P P E N D IX C

SA M P L E C A L C U L A T IO N F O R T H E R M A L T IM E C O N ST A N T S

The following calculations provide time constants

6

and

x

for use in equations

(7.6) and (7.7), with the results graphed in F ig u re 7,10.

1. Given parameters and definition of variables.
R = kiln radius - 0.305 m
n = kiln rotation rate

1

1/60 revolutions/second

FF - kiln fill fraction = 0.05
p, k, c are properties of the sorbent, given in Appendix A.
a is the sorbent thermal diffusivity = k/pc
otb is the central angle o f the kiln occupied by the bed, in radians

2. Calculation of central angle occupied by the bed, a b , from equation (7.3).
FF = ( otb - sin( a b ) ) / 2 Tt
For given fill fraction, solve iteratively for ab- Result is 1.269 rad.

3. Calculation of bed rotational period, P, from equation (7.2).
P = a b / a>k
P = 1.269 rad / ((1/60 revolutions/sec )*2tt rad/revolution)
P = 12.118 sec
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4. Calculation o f mixing time constant, 0, from equation (7.4).

0 = 1.78 PprC(iicted
0 = 1.78 * 12.118 sec
0 = 21.57 sec

5. Estimation o f heat transfer coefficient between wall and bed solids, hw s.
From Tscheng and W atkinson (1979), a simple penetration theory model is used.
hws =

2

k ( 2 n / a a b )°

5

a = (0.174 W/m K) / ((650 kg/m3)*( 1000 J/kg K)) = 2.677e-7 m 2/s
h ws = 2 * 0.174 * ( (2 * 1 / 60 ) / ( 2.677e-7 * 1.269 )

) 0 -5

hWs = 109 W / m 2K

6

. Estimation of the bulk thermal time constant, x, using lumped thermal capacitance.
X=

(p V c) / (h A)

Where V is the volume o f the bed and A is the area contacting the kiln wall.
Assuming a kiln o f unit length,
V = FF * n * R 2
A = R * a*,
x = ( 650 * 0.05 * n * 0.3052 * 1000) / (109 * 0.305 * 1.26895)
x = 225 seconds
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